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The manufacture of multilayered tablets, achieved by the sequential compaction of 
loose powder assemblies, has become of increased interest within the pharmaceutical 
industry due to the tailored release strategies of active ingredient that may be 
obtained. A major disadvantage with the formulation however, is the predilection of 
the tablets to catastrophically fracture at the interfacial boundary between the 
adjacent layers. This Thesis provides an initial investigation into the causes of the 
interfacial brittleness of bilayer tablets manufactured from the commonly utilised 
excipient microcrystalline cellulose (MCC). Through a selection of experimental 
techniques including axial tensile fracture, laser profilometery and X-ray 
microtomography the defining strength characterising tablet properties have been 
elucidated. The viscoelasticity of MCC was shown to result in the non-uniform 
dissipation of localised regions of stored elastic strain energy by volume expansion 
during the unloading phase, and more significantly the ejection phase of the 
compaction cycle. The magnitude of the energy released was shown to be sufficient 
to rupture a number of bonds or junctions present between the adjacent layers and a 
stress concentrating crack has been commonly observed at the periphery of the 
interfacial boundary. Although detrimental to the stability of the interface the 
presence of the crack has proved not to govern the interfacial toughness. The 
imposed geometry of the initial layer interfacial surface, resulting from the initial 
compaction cycle, causes a reduction in the intimate contact area between the 
particles of the adjacent layers and hence only a comparatively limited number of 
junctions can form across the interfacial zone. Through a first order energy analysis 
at the interface a simple approximation of the interfacial fracture energy can now be 
made and it is hoped that this uncomplicated approach may determine the likely 
success of multiple compaction conditions on materials which display similar 
deformation characteristics as microcrystalline cellulose. 
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Chapter One 
Introduction 
This Thesis describes a selective characterisation of the manufacture and subsequent 
fracture properties of bilayered tablets, produced by the sequential application of a 
compressive load to a loose powder assembly. The structure of the current work 
follows an evolutionary progression beginning with a critical discussion of the 
current knowledge in the field, a brief review of the available experimental 
techniques required to achieve the specified objectives and a detailed description of 
the most appropriate, and hence utilised, methodologies. The remaining content 
provides a critical discussion of the results obtained and culminates with the main 
conclusions that may be drawn from this investigation. The inspiration for this 
current work is introduced within this Chapter. The modern developments within 
tablet formulations have been highlighted with a particular emphasis on the multiple 
layer design, thus putting the current study into context. 	The excipient 
microcrystalline cellulose, exclusively utilised in this work, is also introduced within 
this Chapter to allow the reader further insight into the direct relevance and 
implications of the material discussed in subsequent chapters. Finally on the basis 
of this introduction comprehensive abstracts of the further sections of the Thesis are 
presented. 
1.1. Tablet Manufacture 
Compression techniques for the purpose of pharmaceutical tablet formation were 
first established around the late nineteenth or early twentieth century (Theeuwes, 
1981) and have become an exceedingly popular method of manufacture within the 
pharmaceutical industry: in 1997 it was estimated that more than 80% of all 
medicinal dosages were administered as tablets (Lordi and Cuitino, 1997). The 
inherent advantages of the tablet dosage form include a high patient compliance 
coupled with an ease of accurate dosage of the active ingredient, good physical and 
chemical stability, competitive unit costs and an elegant and distinctive appearance. 
Tablets generally consist of multiple components: one or more active ingredients are 
normally coupled with an inactive material known as an excipient. The excipient, 
generally a polymer of some description, is chosen to improve the mechanical 
17 
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properties of the compact (Kibbe, 2000) and to provide a reasonable mass of 
product. Commonly the adhesion strength and dissolution properties of the compact 
are tailored to the specific requirements of the formulator. A standard matrix 
formulation comprised of a compact containing single or binary components 
compressed by a single uniaxial applied load conventionally consists of the active 
ingredient being uniformly dissolved or dispersed throughout the tablet (Danckwerts, 
1994). This immature design however results in an undesirable therapeutic regime: 
the optimisation of which is a fundamental challenge in drug administration (Chien, 
1982). Once ingested by the patient a near first order diffusion profile of the active 
ingredient out of the tablet occurs (Abdul and Poddar, 2004). Initially the release 
rate of the active ingredient out of the compact matrix is high due to the relatively 
large surface area available for the dissolution of the drug present at the periphery of 
the tablet. The release rate later rapidly reduces due to an increase in the diffusion 
pathway of the active ingredient and a saturation effect is attained (Abdul and 
Poddar, 2004). The enhanced initial release rate of the active ingredient is 
commonly referred to as the 'burst effect'. This undesirable effect of the formulation 
design may result in negative therapeutic consequences due to the concentration of 
the active ingredient reaching toxic levels (Abdul and Poddar, 2004; Narasimhan and 
Langer, 1997). To negate the 'burst effect' many attempts have been made to 
modify the design of matrix formulations to produce a constant release rate over time 
(zero-order diffusion): the primary objective of controlled release solutions, 
especially for drugs with a narrow therapeutic index (Abdul and Poddar, 2004). 
Early attempts involved manipulating production variables including (i) the physio-
chemical properties of the tablets, (ii) the contents and weight ratios of the active 
ingredients and excipients and (iii) the matrix geometry (Ford et al., 1987; Gander et 
al., 1988; Lee, 1985; Takeru Higuchi, 1961). Within a single compacted matrix 
formulation however, irrelevant of the release control mechanisms, it is almost 
impossible to achieve a zero-order release profile (Langer, 1980). More recent, and 
hence more sophisticated, attempts to modify release solutions of active ingredients 
using oral dosage form have included film coated pellets or capsules (Colombo et al., 
1990), osmotically driven systems, systems controlled by ion exchange and systems 
utilising electrostatic deposition technology (Abdul and Poddar, 2004). The majority 
of these mentioned techniques offer substantial improvements to the release rate 
kinetic challenges however they require modern manufacturing methods which are 
18 
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not compatible with existing processes and thus are coupled with large financial 
investments. Investigations into the modification of the matrix geometries however, 
have highlighted one particular solution which is able to provide an almost linear 
active ingredient release profile (Abdul and Poddar, 2004) and can be manufactured 
on existing conventional tablet presses: the multilayered tablet. 
1.2. Multilayered Tablets 
The manufacture of multilayered tablets can enable the production of various 
controlled release dissolution profiles. Conte et al. (Conte et al., 1993) managed to 
negate the 'burst effect', described earlier, with the application of polymeric barrier 
layers which encased the surface of the matrix containing the active ingredient. The 
primary function of the barrier layers was to reduce the initial surface area available 
for diffusion. This caused a control in the time dependant matrix hydration and 
consequent swelling. Thus a forced reduction in the initial rate of active ingredient 
release occurred. The application of multilayer tablets however is not limited to zero 
order diffusion profiles. Simple modifications to the formulation and design has 
shown to enable at least seven other different release strategies (Conte et al., 1998). 
These include: 
• Binary release where two active ingredients can be released in one 
formulation. 
• Quick-slow release where an active ingredient can have an initial high release 
rate followed by a constant release over time (an example application is with 
the treatment for arthritis where maximum pain relief can be achieved 
quickly and then sustained over time). 
• Slow-quick release (used for cases such as angina where the maximum 
benefit can be obtained from periods of inactivity such as when the patient is 
asleep). 
• Positioned release where the tablet release mechanisms can be designed to 
target specific areas in the digestive system. 
• Accelerated release where the diffusion rate of the active ingredient is 
continuously accelerating. 	This regime can be employed for active 
ingredients that are preferentially absorbed in the upper part of the 
gastrointestinal tract. 
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• Delayed release where a predetermined lag time enables the release of an 
active ingredient after a specified duration. This strategy may be utilised 
when the desired dosage time is several hours after the tablet ingestion. 
• Multiple pulse where an initial release is followed by a period of lag before a 
second burst of active ingredient is released. This release pattern is 
commonly employed to minimise an active ingredients side effect such as 
appetite suppression: e.g. the drug can be released directly after mealtimes. 
The application of the multilayered assembly however is not without its limitations. 
A commonly observed disadvantage of multilayered tablet formulations is the 
interfacial weakness between the individual layers, which can cause the tablet to 
catastrophically fracture. It is therefore the aim of this thesis to adequately 
characterise the interfacial properties between sequentially compacted layers of a 
widely used excipient Microcrystalline Cellulose (MCC) to help elucidate the cause 
of the interfacial weakness of bilayered tablets. 
1.3. Introduction to Microcrystalline Cellulose 
The experimental procedures presented in this Thesis are applied solely to one 
commercially popular (Shangraw and Demarest, 1993) excipient, microcrystalline 
cellulose. The utilisation of only one material enables an 'ideal' and relatively 
simple system to be analysed, thus enabling the important bilayer compaction 
parameters to be isolated and characterised. In order to achieve this goal the relevant 
material qualities must be well understood. Cellulose forms the major structural 
constituent of many excipients used in marketed drug products (Bolhuis and 
Chowhan, 1996). Figure 1.1 shows a schematic diagram depicting a cellulose 
polymer formed by a chain of glucose monomers bonded by 0-1,4-glucosidic bonds. 
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Figure 1.1. Schematic Diagram of an Extended Cellulose Chain 
Cellulose fibres consist of millions of microfibres. The microfibres can be 
characterised into two regions: the paracrystalline region, which is amorphous and 
flexible and a crystalline region which is composed of tight bundles of cellulose 
chains in a rigid linear arrangement (Wallace, 1990). The manufacture of 
microcrystalline cellulose (MCC) involves the removal of the amorphous 
microfibres using controlled hydrolysis and results in aggregates of the more 
crystalline fibres. These fibres are then purified by operations such as filtration and 
spray drying to obtain porous microcrystals. The final product of MCC is obtained 
as a white or almost white powder (Medicines Commission, 2002), the size 
distribution of which is determined during the spray drying process by controlling 
the variation of the atomisation and drying conditions (Lamberson and Raynor, 
1976; Sixsmith, 1976). MCC was first commercially available under the trade name 
of Avicel PH, FMC Corp, Philadelphia, USA in 1964. Four different size grades 
were originally marketed each with slightly different properties including flowability 
and moisture content (Marshall and Sixsmith, 1974/5). As of 2007, the portfolio has 
expanded to nine grades of Avicel PH. The moisture content of Avicel PH, under 
ambient conditions, ranges between 1.5wt% and 5wt%. Khan and Pilpel (Khan and 
Pilpel, 1986) determined that the first 3wt% of moisture was strongly bound to the 
internal cellulose structure and that it is only at a moisture content greater than 3wt% 
where the bonding between particles is affected by capillary condensation, a 
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condition not achieved within this current work. The physical structure of the 
crystals depends upon the particle configuration. The particles are comprised of 
fibrils with a hollow centre with a radius of approximately 2nm, which creates 
intraparticular pores that account for 90% of the particle surface area. The fibrils 
have an outer radius of approximately lOnm-15nm (Marshall and Sixsmith, 1974/5). 
Examination of the chemical structure shows hydroxyl groups which are able to form 
relatively strong hydrogen bonds with adjacent particles when in intimate contact 
(Huttenrauch, 1971; Reier and Shangraw, 1966). The general bonding mechanism 
for MCC tablets is thought to be the result of dispersion intermolecular forces 
(Karehill and Nystrom, 1990; Kendall, 1996). The elegant equation for the prediction 
of the magnitude of the molecular forces by the London Theory of van der Waals 
forces however cannot be directly applied to the polymer chains due to the 
dispersion force of the molecules not acting between the centre of the molecules 
(Israelachvili, 1991) and the ambiguity associated with the relative separation 
distance between the two contacting particles. However, it is the strength of these 
forces however that govern the elastic, plastic and brittle properties of a compacted 
solid (Tabor, 1996). Hiestand and Smith (Hiestand and Smith, 1984) have 
characterised the good binding properties of MCC by defining the material as having 
a high bonding index and a low brittle index. A more thorough characterisation of 
the mechanical properties of microcrystalline cellulose will be discussed within the 
later chapters. 
1.4. Overall Aim and Objective 
The predilection of multilayered formulations to catastrophically fail during the 
manufacturing process has limited the applications of this unique design. To date 
there has been little published information regarding the inherent cause of the tablet 
fracture or even a material response to sequential applications of a compressive load. 
Through a detailed analysis of bilayer tablets of MCC that comprise one interfacial 
plane and are manufactured by the application of two compaction cycles, it is hoped 
that a more in-depth understanding of the physical properties that are required to 
form successful tablets can be elucidated. In order to fulfil the objectives of this 
study the remaining Chapters of this Thesis, summarised below, have been 
conceived: 
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Chapter Two 
This Chapter seeks to provide an overview of the material response of a confined 
powder mass to a stress system. The general process of the uniaxial compaction of a 
loose powder assembly is reviewed and the key material properties which describe 
the powder's macroscopic behaviour are discussed. The information provided by 
the force-displacement measurements obtained from instrumented compaction 
machines is described, and the explanation for the inhomogeneous final compact 
properties and the friction forces present during the full compaction cycle is 
presented. The applications of the discussed mechanisms of compaction with 
regards to microcrystalline cellulose are then detailed 
Chapter Three 
In this Chapter an introduction to the commonly applied fracture mechanics 
principles is presented. A detailed description of the Griffith's Theory of linear 
elastic fracture mechanics (LEFM) is given and the two complementary approaches 
to apply the theory are described. Modifications to LEFM theory to account for 
small scale yielding at the fracture crack tip are considered and the fundamental 
approaches to yielding fracture mechanics for non-linear materials are introduced. 
The methods of fracture in non-metallic materials are also portrayed with specific 
emphasis on porous bodies, polymers and ceramics. Finally, the application of the 
fracture mechanic theories to cellulosic compacts is discussed. 
Chapter Four 
This Chapter is divided into two main sections, the first characterising the utilised 
materials and the latter describing the equipment and experimental methodologies 
pertaining to the current work. The introduced apparatus and procedures include 
the materials tester and corresponding load cells, the fracture methodology, laser 
profilometry and x-ray microtomography. Other surface characterising techniques 
including scanning electron microscopy and X-ray microanalysis are also described. 
Where appropriate a brief review of the available techniques is given and the 
advantages and limitations of the chosen procedures are critically discussed. 
Chapter Five 
This Chapter seeks to provide a rigorous and comprehensive analysis of the material 
response of compacted microcrystalline cellulose tablets to an applied tensile load 
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and their subsequent fracture. The application of the generally applied linear elastic 
fracture mechanic (LEFM) parameters (see §3.3) utilised to describe the failure 
behaviour of these porous systems has been discussed. It has been found that the 
application of an Irwin Type extension (see §3.4.1), to account for the presence of a 
non-elastic process zone at the crack tip, may usefully be included into the LEFM 
parameter calculations. The advantages of the modification are discussed and 
possible explanations for the material behaviour are presented. The calculated 
critical stress intensity values (see §3.3.3) found in this work have been compared to 
published values available in the literature and the adapted tensile stress 
methodology has proven to be adequate for the description of the fracture of the 
more complex bilayer tablet formulations. The application of the axial tensile stress 
procedure to bilayered tablets manufactured at varying compaction conditions has 
elucidated the governing parameters which determine the bilayer tablet strength, 
and which will be discussed in more depth in the subsequent chapters. Finally, the 
location of the crack propagation path has been identified as almost entirely at the 
manufactured interface between the two adjacent layers, confirming the boundary 
layer to be the weakest plane. 
Chapter Six 
The aim of this Chapter is to characterise the material response of the constrained 
microcrystalline cellulose particles during the compaction cycles that occur when a 
bilayer tablet is manufactured. This has been achieved by exploiting the ability of a 
non-contact optical profilometer to elucidate both the intricate roughness detail and 
the inherent form of a compacted sample surface within one measurement. With 
consideration to the observed limitations of surface profilometry topographical or 
metrological analysis (see §4.2.3), the relatively simple and efficient methodology 
has been able to infer a range of information including the degree of particle 
deformation, the local porosity, the relative magnitude of the die wall friction and 
the extent of energy dissipation by volume expansion. These combined data lead to 
the postulation that the non-uniform stress pattern that develops internally within the 
powder bulk during the sequential application of two compressive loads governs the 
final compact characteristics. 
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Chapter Seven 
The inherent cause of the interfacial brittleness of the bilayer tablets manufactured 
in this work is investigated within this Chapter. X-ray microtomography has been 
utilised to show the presence of a significant stress concentrating crack along the 
interfacial boundary between the two sequentially compacted layers. A mechanical 
energy balance has been conducted and the stored elastic strain energy released by 
the radial volume expansion of the tablet after the ejection phase of the compaction 
cycle has been shown to be of sufficient magnitude to overcome the energy contained 
within the bonds between the particles within the adjacent layers at the periphery of 
the interfacial plane, under certain compaction conditions. The interfacial 
toughness however, is shown not to be completely governed by the presence of the 
crack but is thought to be a direct consequence of the imposed geometry of the 
interfacial surface of the initial compaction layer. 
Chapter Eight 
This Thesis has provided a selective characterisation of the production and fracture 
of bilayered tablets of microcrystalline cellulose, MCC, manufactured by the 
sequential application of two applied loads to a loose powder assembly. The major 
conclusions that have been drawn from this current study are detailed within this 
final Chapter. 
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Chapter Two 
Mechanics of Powder Compaction 
This Chapter seeks to provide an overview of the material response of a confined 
powder mass to a stress system. The general process of the uniaxial compaction of a 
loose powder assembly is reviewed and the key material properties which describe 
the powder's macroscopic behaviour are discussed. The information provided by 
the force-displacement measurements obtained from instrumented compaction 
machines is described, and the explanation for the inhomogeneous final compact 
properties and the friction forces present during the full compaction cycle is 
presented. The applications of the discussed mechanisms of compaction with 
regards to microcrystalline cellulose are then detailed. 
2.1. Uniaxial Powder Compaction 
Powder compaction is the general term for the process of applying a normal load to a 
powder bed and can occur in many guises including extrusion, uniaxial, biaxial and 
triaxial compaction. Uniaxial compaction is often a preferred compaction technique 
due to the inherent advantages this process offers including the ease of methodology, 
the speed with which compaction can occur and the various geometries the final 
compact can assume (Mohammed, 2004). Although an apparently simple process 
the uniaxial method of compaction is relatively complex in nature and the process of 
obtaining a homogeneous dense body has eluded many researchers in this field (Abe 
et al., 1986; Antikainen and Yliruusi, 2003; Aydin et al., 1994; Blumenthal et al., 
1997; Briscoe and Evans, 1991; Briscoe and Rough, 1998a; Cartensen et al., 1990; 
Cooper and Eaton, 1962; Doelker and Massuelle, 2004; Eiliazadeh et al., 2004; Es-
Saheb, 2002; Glass and Ewsuk, 1997; Heckel, 1961a; Hiestand, 2002; Kadiri et al., 
2005; Sinka et al., 2004a; Train, 1957). The powder assembly involved in 
compression has a complex physical nature which evolves throughout the 
compaction process. A loose powder column contains a large volume fraction of 
both air and solid particles allowing the free movement of the body, in a similar 
manner to that found in the physical properties of liquids. As the compaction 
process continues the powder bed increases in density and the volume of air 
contained within the powder mass is reduced. This results in the material properties 
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becoming more akin to those found in solid bodies (Paronen and Ilkka, 1996). The 
full characterisation of the material properties under compression and hence an 
understanding of the method of deformation a material endures is useful for the 
characterisation and prediction of the final compact properties which include the 
axial and tensile strength, the friability and the dissolution attributes. There are 
various reported material responses to an applied load which are introduced and 
critically discussed within this Chapter. 
2.2. Compaction Mechanics 
The process of uniaxial compaction can be grouped into three main headings: die 
filling, compaction and decompression and ejection, as shown in Figure 2.1. The 
chosen method and parameters for each of these required stages within the 
compaction cycle may have a significant influence on the final compact properties. 
Figure 2.1. Diagram Showing the Main Stages of Uniaxial Compaction. 
A - Die filling, B - Compression, C - Decompression, D — Ejection, E — Final manufactured 
tablet. The arrows indicate the direction of the predominant stress. 
2.2.1. Influence of Die Filling 
Die filling can be considered the first stage in the complete compaction cycle, 
however, the influence of this stage on the final compact properties has only recently 
begun to be investigated (Wu et al., 2003). Much research has been conducted on 
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the flow of bulk powders (Donsi and Ferrari, 1991), discharge profiles from hoppers 
(Khanam and Nanda, 2005) and flow down inclined slopes (Savage, 1984) however 
there is limited literature regarding the relatively constrained flows that occur in die 
filling. The process of die filling is naturally determined in a large part by the flow 
properties of the material to be compacted, which include the particle size, 
morphology, packing density and the surface properties coupled with the operating 
conditions such as the moisture content, temperature, static charge, aeration and 
history of applied stress (Sinka et al., 2004b). These parameters collectively 
contribute to the uniformity of the loose powder assembly. Density gradients present 
in this initial stage of compaction can be maintained through the later stages of the 
compaction cycle (Blumenthal et al., 1997; Demetry et al., 1998; Glass and Ewsuk, 
1997) further exacerbating problems involving non-uniform stress patterns such as 
poor tensile strength (Nystrom et al., 1978). The uniformity of the powder fill 
density in static loading, as generally used in laboratory powder compaction 
investigations, has shown to be improved by top, rather than side, loading and a 
smoothing of the upper surface prior to compaction (Demetry et al., 1998). Initial 
vibration can also reduce horizontal discontinuities (Wu et al., 2003), however 
excessive movement may cause vertical segregation due to fine powders filtering 
through the bulk powder bed (Lawrence and Beddow, 1968, 1969). Industrial die 
filling usually consists of a moving shoe dispensing powder into the compaction die. 
The added complexities of this system are created from the shoe kinematics, shoe 
and die geometries and the airflow (Wu et al., 2003). However, with the continuous 
development of experimental techniques (Jackson et al., 2007; Schneider et al., 
2007) and discrete element analysis computer models (Wu and Cocks, 2006) the die 
filling system is becoming more comprehensively understood. 
2.2.2. Compaction and Decompression 
The most influential component of the uniaxial compaction cycle is the compression 
and decompression stage. It is the energy supplied to the powder column in this 
phase that creates the dense tablet form. Once a load is applied to a loose powder 
assembly a sequence of events occurs (Aydin et al., 1996; Train, 1957). The powder 
particles initially rearrange themselves into a closer proximity with each other, 
increasing the packing density. This rearrangement phase is of particular importance 
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Figure 2.2. Schematic Representation of the Deformation Mechanisms that 
Occur During Powder Compaction. 
Modified from (Ragnarsson, 1996) 
The particle interactions that occur at a relatively low applied axial stress, are 
thought to increase the intimate contact area between the adjacent particles (Karehill 
et al., 1990) which increases the opportunities for strong bonds or junctions to form. 
This process is eventually hindered by the constraining rigid die walls and upper and 
lower punches preventing further movement. Further volume reduction of the bed is 
then attributed to many factors including bond formation (resulting in adhesion or 
cohesion), elastic and plastic deformation of the particles and for some more brittle 
materials the increased applied stress results in particle fragmentation (Alderborn et 
al., 1985; Newton and Grant, 1974). Figure 2.2 schematically shows the common 
material responses to loading. Elastic deformation is a reversible process as the 
work required to elastically deform a particle may be recovered during 
decompression (Ragnarsson, 1996). It is important to note here however, that a 
material can store elastic energy and may only relax only after a discrete period of 
time (David and Augsburger, 1977; Rees and Rue, 1978). The energy required to 
increase the compact density by plastic deformation or fragmentation cannot be 
recovered as these are permanent changes to the structure of the particle 
(Ragnarsson, 1996). It is widely thought that the internal stresses caused by elastic 
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rebound and the associated deformation process during decompression are primarily 
responsible for the success or failure of the compact formation (Hiestand et al., 1977; 
Wu et al., 2005). 
2.3. Force-Displacement Curves 
The amount of energy input required to reach a required maximum compaction stress 
will vary depending on the previously described mechanical response of the material 
under compaction (Ragnarsson and Sjogren, 1982). Therefore, it logically follows 
that correlating the material properties of a consolidated mass with the final applied 
compaction stress is inferior to correlations based on the net work input (NETW) 
(Ragnarsson and Sjogren, 1985). Using an instrumented compaction machine, with 
a suitable accuracy, a force displacement profile can be obtained during the 
compaction cycle. Figure 2.3 shows a schematic diagram of a commonly obtained 
force displacement diagram. Under a constant displacement the applied load will 
increase to a specified maximum value, represented by the point A in Figure 2.3. 
Once the load is removed the upper punch is forced to retreat a certain distance to the 
point shown on the diagram as point C. Integration of these two curves allows the 
quantitative determination of the applied and recovered energy. The total work of 
compression, neglecting the die wall friction contributions, is represented by the area 
OAB, shown in Figure 2.3. At the origin there is no work input as this represents the 
point where the upper punch comes into contact with the powder (Ragnarsson, 
1996). The area ABC in Figure 2.3 represents the reversible work recovered during 
decompression. Subtraction of the recovered work from the total work of 
compression leaves the area OAC, also shown in Figure 2.3, which is termed the 
apparent net work, or irrecoverable work. 
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Figure 2.3. Schematic Force Displacement Diagram 
A crude representation of the mechanical response of a material can be made from 
ratios of the different force-displacement curve areas. Mathis and Stamn (Mathis 
and Stamn, 1976) defined a plasticity constant, P1, to determine a materials relative 
predilection to deformation by plastic flow, where 
area0AC P1 = 	x100 
areaABC 
[2.1] 
where the areas OAC and ABC have been previously defined and are shown in 
Figure 2.3. A high P1 value indicates the material deforms in a predominantly 
plastic manner while a low P1 value indicates a more elastic response. The idea of 
the plasticity ratio has been readily adopted by other authors (Doelker et al., 1980; 
Mohammed, 2004), albeit with slightly modified equations. Caution must be 
applied, however, when quoting these ratios due to the original investigations into 
the work of compression applying a first order assumption that the total area under 
the force displacement curve only represented the work required for particle 
deformation (Armstrong and Morton, 1977). This simple assumption ignores the 
fact that the calculated energy consumed also includes the work to overcome the die 
wall friction (Nelson et al., 1955). In an attempt to negate the effects of die wall 
friction Mathis and Stamn (Mathis and Stamn, 1976), Doelker et al. (Doelker et al., 
1980) and De Blaey and Polderman (De Blaey and Polderman, 1970) replaced the 
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upper punch force in the calculations with the recorded lower punch force. This 
modified procedure assumes that the energy required to overcome the die wall 
friction during the compaction can be obtained by subtracting the area under the 
lower punch force (LPF) curve from the area under the upper punch force (UPF) 
curve, as shown by the area OAB in Figure 2.4. This methodology has since proved 
incorrect: it provides an over estimate of the work required to overcome the friction 
constraints (Ragnarsson and Sjogren, 1983). The movement of particles at the die 
wall will not be consistent throughout the powder column as predicted by the De 
Blaey and Polderman Theory (De Blaey and Polderman, 1970). Only the particles in 
close proximity to the upper punch will move at the same rate as the upper punch. 
The particles in the upper region of the die will only become compressed once the 
main body of the powder bed has reached a significantly high density and begins to 
act as a second punch face (Sixsmith, 1980). The lower regions of the powder 
column will remain reasonably stationary and therefore will create no friction. 
Jarvinen and Juslin (Jarvinen and Juslin, 1974) recognised this and proposed the 
work of friction, FW, be calculated from 
FW = ri'mx (UPF)dD — rx [2.2] 
Where UPF is the upper punch force/displacement curve and LPF is the lower punch 
force/ upper punch displacement curve. This revised equation to calculate FW 
predicts values of approximately half the original model. Therefore, a good 
estimation of the work of friction can be made by taking the mean punch force, 
MPF, which is an arithmetic mean average of the upper and lower punch forces. The 
subtraction of the area under the MPF curve, area OCDmAx in Figure 2.4, from the 
area OADmAx in Figure 2.4 provides a reasonably accurate approximation of the 
work of friction (Ragnarsson, 1996). 
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Figure 2.4. Force Displacement Diagram Showing the Upper Punch Force, 
UPF, the Lower Punch Force, LPF, and the Mean Punch Force, MPF. 
Modified from (Ragnarsson, 1996) 
2.3.1 Effect of Particle Interactions 
Included within the irrecoverable energy calculations is the work required for 
interparticle rearrangement and the associated friction. Original investigations 
assumed this value to be small or even negligible (Ragnarsson, 1996). Ragnarsson 
and Sjogren (Ragnarsson and Sjogren, 1985) considered this assumption by varying 
the particle size, the lubrication and the moisture content of the compacted material. 
Although the particle size of a material has been reported to have no effect on the 
compaction mechanism (Alderborn and Nystrom, 1982) an increase in the net work 
of compaction (NETW), see §2.3, was found with a decrease in the particle size for 
two different compacted materials indicating that the NETW is affected by more 
parameters than just the deformation mechanism. After the compaction of a well 
mixed matrix of starch particles and lubricant, Ragnarsson and Sjogren (Ragnarsson 
and Sjogren, 1985) noticed a 30% reduction in the calculated value of the NETW, 
which is obviously a significant proportion. They confirmed that this was not due to 
an increase in the elastic or plastic deformation as the calculated recovered energy 
and yield pressures, derived from the Heckel Equation introduced later in §2.4, 
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remained constant. This suggests that using the value of NETW alone to predict the 
deformation mechanism of materials will lead to erroneous interpretations. 
2.3.2. Energy Balance 
A global energy balance for the process of compaction is obviously an attractive 
prospect with regard to enabling a full characterisation of the system. This can only 
be achieved however, with the difficult analysis of the amount of energy that is 
released by heat dissipation (Ragnarsson, 1996). Investigations using compaction 
calorimeters have begun to investigate the temperature variations that are produced 
by compaction (Coffin-Beach and Hollenbeck, 1983; DeCrosta et al., 2000, 2001; 
Rowlings et al., 1995; Wurster et al., 1995). Coffin-Beach and Hollenbeck (Coffin-
Beach and Hollenbeck, 1983) used the first law of thermodynamics to create a 
simple equation to define the energy change in the compaction phase, AEc 
AFc =Wc 	 [2.3] 
where WC is the work done during compression and Qc is the heat released during 
compression. The sign of DEC will help determine the dominant processes that occur 
during the compaction cycle and it has been reported that the process of compaction 
yields a negative value of DEC for the majority of the materials tested (Coffin-Beach 
and Hollenbeck, 1983; DeCrosta et al., 2000, 2001). Some processes including 
brittle fracture require an energy input and thus if dominant will result in a positive 
value of DEC. Processes such as die wall or interparticle friction and plastic 
deformation release energy as heat and thus increase the value of -AEc (Coffin-
Beach and Hollenbeck, 1983). The latter processes however, are a direct 
consequence of mechanical work and will therefore not dissipate more energy than is 
inputted into the system. The only process that may occur, with the exception of 
polymorphic transitions, which is not determined by the degree of mechanical work 
is the release of latent heat through bond formation (Coffin-Beach and Hollenbeck, 
1983; Rowlings et al., 1995) hence the recorded excess energy dissipated by heat has 
been considered to be equivalent to the 'work of formation' (Coffin-Beach and 
Hollenbeck, 1983). Coffin-Beach and Hollenbeck (Coffin-Beach and Hollenbeck, 
1983) showed that for experiments with dicalcium phosphate dihydrate, DiTab, at 
very low compaction forces the recorded heat energy, measured using a quartz 
thermometer, did not exceed the measured work input, obtained by integration of the 
force/displacement curve. This suggests that during the initial stages of the 
34 
Cellulose Bilayer Tablet Interfaces 	 Mechanics of Powder Compaction 
compaction cycle the energy required for brittle fracture is approximately equal to 
the energy released by bond formation, thus it is postulated the particles are fractured 
and then the fractured surfaces re-bond at an equal rate. This conclusion however 
should be viewed with caution as the difficulties in determining accurate temperature 
readings may lead to underestimations of the thermal energy dissipated. As the 
compaction process continued, however, it was postulated that the formation of 
bonds or junctions became more dominant as the recorded value of 6.Ec became 
increasingly negative. Coffin-Beach and Hollenbeck (Coffin-Beach and Hollenbeck, 
1983) correlated the excess energy dissipated during compaction with tensile 
strength and concluded that the use of a compaction calorimeter can be used to 
predict tablet strength. This simple correlation has been questioned by Rowlings et 
al. (Rowlings et al., 1995) who found that unless the calculations include the 
energetics associated with the decompression phase, where bonds formed during 
compaction are broken due to the elastic response of a material, no meaningful 
relationships can be drawn. De Crosta et al. (DeCrosta et al., 2001) confirmed this 
argument by showing that the ejection phase produced positive energy values for 
almost all materials studied, which is convincing given that the decompression phase 
studied also included some degree of recompression. The determination of the 
temperature variation within the compaction cycle has shown to provide some 
insight into the compaction properties of pharmaceutical materials however, there 
are severe limitations associated with the experimental technique and applied 
assumptions: for example the thermal importance of particle rearrangement phase is 
often considered negligible (Wurster et al., 1995). Common issues involve the 
punch and die material acting as a heat sink, lengthy time delays and inaccurate 
measurements associated with the temperature probes (DeCrosta et al., 2000), hence 
the energetic values associated with a compacted material show a distinct variation 
between authors. Clear trends between materials however, appear reproducible 
suggesting that once a robust, accurate and generally accepted methodology has been 
developed, important mechanical properties of materials may be determined from 
energetic studies. 
2.4. Porosity Against Pressure Measurements 
Although the information directly obtainable from a force displacement curve infers 
the compaction mechanism of a material under compaction, empirical data fitting 
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expressions have also been developed to assist with the determination of the complex 
mechanical response a material endures during a compaction process, particularly 
deformation by plastic flow. There are three commonly applied equations: the 
Heckel (Heckel, 1961a, b), Kawakita (Kawakita and Tsutsumi, 1966) and Cooper-
Eaton (Cooper and Eaton, 1962). All three of these approaches have advantages and 
limitations and no particular relationship is able to provide an adequate solution for 
the whole complication compaction process (Chen and Malghan, 1994). It does 
seem however that the most extensively used relationships are those of the Heckel 
Type, that give the best fit at intermediate to high pressures coupled with low 
porosity powder beds, and the Kawatika Expression that is most suited to low 
compaction pressures and medium to high porosities. A mathematical analysis of 
the Heckel and Kawatika Equations by Denny (Denny, 2002) has shown that when 
the compaction pressure is considerably lower than the yield strength of the compact 
the two equations take the same form. Also when the Heckel Equation is modified 
by introducing a pressure dependant term into the yield strength (described in §2.4.1) 
it is identical to the Kawatika Equation over the full pressure range. It was therefore 
concluded that the Kawatika Equation is a specific form of the more general Heckel 
Equation, although Denny (Denny, 2002) has identified some dubious assumptions 
in his modification of the Heckel Equation including those that the compact is 
isotropic and that the Poisson's ratio is constant. For materials which deform in a 
predominantly plastic manner, as is the case with microcrystalline cellulose, the 
material studied in this current work, the most appropriate and most commonly 
applied empirical correlation is apparently the Heckel Equation. 
2.4.1. The Heckel Equation 
Heckel (Heckel, 1961a, b) was originally interested in the compaction of metal 
powders and developed the empirical equation that arbitrarily assumes that the 
densification process is analogous to a first-order rate chemical reaction 
In 	1 = kP + A 	 [2.4] 
1— D 
where D is the relative density at any given compaction pressure, P, and k and A are 
constants that describe the material deformation behaviour. This equation has since 
been shown to be applicable in many fields, and is commonly utilised for the 
compaction of pharmaceutical powders (Chowhan and Chow, 1980; Duberg and 
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Nystrom, 1986; Malamataris and Rees, 1993; Rees and Rue, 1978; Sun, 2004). A 
graph displaying In  1 
	against P is commonly known as a Heckel Plot, an 
1— D 
example of which is shown in Figure 2.5. At low applied stresses the non-lineararity 
of the plot is thought to be a result of particle rearrangement (Paronen and Ilkka, 
1996). At high compaction stresses there may also be some deviation from a linear 
response due to strain hardening effects (Gabaude et al., 1999; Jain, 1999). It is the 
central linear region of the plot that is most useful for the characterisation of a 
materials predilection to deform in a plastic manner. Heckel (Heckel, 1961b) 
suggested that the magnitude of the gradient of the linear region of the Heckel Plot, k 
indicates the relative magnitude of deformation by plastic flow and that the value k 
can be related to the yield strength, Y by the equation: 
The reciprocal of k has since been defined as the mean yield pressure, Py and is often 
used to quantify the tendency of a material to undergo plastic deformation during the 
compaction process (Al-Angari et al., 1985; Paronen and Ilkka, 1996). There is 
considerable variation in the reported values of Py for common pharmaceutical 
materials due to variations in influential factors including the size fraction, 
compaction speed, degree of lubrication, mode of die filling and die geometry (Fell 
and Newton, 1971; Rue and Rees, 1978; York, 1979). Gabaude et al. (Gabaude et al., 
1999) showed that a 3% variation in the value of the true density coupled with a 4% 
variation in the measured mass of powder can produce variations in the measured Py 
value of up to 20%. This is a much greater variation than the commonly highlighted 
issue of incorrect punch displacement measurements due to elasticity in the metal 
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Figure 2.5. Example of a Heckel Plot. 
Data shown: microcrystalline cellulose compacted to a maximum stress of 12.7MPa. 
(Unpublished data from the research group, 2007) 
It has been noted that different particle sizes of the same material may compact with 
different mechanisms, which can even involve transitions from brittle to ductile 
characteristics (Kendall et al., 2007; Roberts and Rowe, 1987a). Regnarsson and 
Sjogren, (Ragnarsson and Sjogren, 1985) concluded that parameters such as the yield 
strength could be misinterpreted due to effects of the die wall friction. Although 
utilisation of the mean compaction pressure of the upper and lower punches rather 
than the upper punch alone reduces the effect of particle interactions and friction on 
the calculated parameters (Jarvinen and Juslin, 1974) the use of the value Py to 
compare the deformation mechanisms in different compacted materials should be 
approached with caution. It is vital that the adopted methodologies used for various 
samples remain constant and it is advised that a material with well characterised 
deformation properties is used to standardise the measurements (Gabaude et al., 
1999). Parameter determination is usually achieved by regression techniques using a 
least squared method (Paronen and Ilkka, 1996) and the correct interpretation of the 
linear region is naturally a matter of some conjecture. It has been noted that due to 
the uneven weighting of data points on a logarithmic scale the first and second 
derivatives of the function should be taken (Roberts and Rowe, 1985). This method 
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although mathematically correct is very tedious and determination of the linear 
region by selecting data points where the coefficient of determination is higher than 
a specified threshold value is usually sufficient (Paronen and Ilkka, 1996). The 
intercept of the linear 'line of best fit' also provides some interesting mechanistic 
information. The parameter A, from equation [2.6], and shown in Figure 2.5 can be 
related to the volume reduction of the powder bed by the process of die filling and 
particle rearrangement and is described by the equation 
A = ln 	1  + B = ln 	
1 [2.6] 
1—Do 	1—DA  
where Do is the initial relative density after the die filling, B is a parameter 
describing particle interactions at low compaction stresses and DA is the relative 
density after die filling and particle rearrangement. The relative density DA can be 
written as 
DA =Do + DB 	 [2.7] 
where DB is the increase in the relative density attributed to the particle 
rearrangement. 
2.5. Viscoelasticity 
Up to this point the dominant physical mechanism of consolidation of materials has 
been considered to be due to particles deforming in either an elastic, plastic or 
fragmenting manner. This simple classification of terms is extremely idealised as 
even fragmentation will have some associated degree of elastic and plastic 
deformation (van der Voort Maarschalk et al., 1996). The term plastic deformation 
especially is considered too simple, due to the inherent coupling of elastic and plastic 
deformation. 	The term viscoelasticity describes the deformation characteristics 
more accurately (van der Voort Maarschalk et al., 1996). It is the viscoelasticity and 
viscoplasticity of materials which results in the rate of compression of materials 
having an important impact on the final strength of the ejected compact as well as 
the pressure-volume response. Early research showed that for materials which 
deform in a plastic manner an increase in machine speed resulted in a decrease in the 
inherent strength of compacts (Seitz and Flessland, 1965). This observation was 
later attributed to a reduction in the density (Roberts and Rowe, 1985). The 
increased porosity with compaction speed is proposed by Hiestand et al. (Hiestand et 
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al., 1977) and Ritter and Sucker (Ritter and Sucker, 1980) to be a result of the 
reduction in plastic flow caused by either a reduction in time available for stress 
relief and thus bond formation or a shift in the deformation mechanism from plastic 
flow to fragmentation. The initial statement has been more widely accepted (Roberts 
and Rowe, 1986; Rubinstein and Jackson, 1987). 	More recent research has 
supported this proposition by suggesting that an increase in the loading rate results in 
an increase in the residual stored elastic strain present in a compact (van der Voort 
Maarschalk et al., 1996). The dissipation of this stored energy results in a volume 
expansion of the compact, increasing the porosity and causing the intimate contact 
area between particles to be reduced. A reduction in the interparticulate contact area 
reduces the possible number or the strength of the bonds or junctions that can be 
formed and hence the resulting tablets are inherently weaker. Materials which 
deform by fragmentation may show little or no variation in porosity with compaction 
speed (Tye et al., 2005) and therefore the degree of bonding and hence tensile 
strength remains relatively insensitive to the loading rate and is thus solely reliant on 
the magnitude of the applied stress (Tye et al., 2005). The time dependency of the 
viscoelastic behaviour also implies that the recoverable elastic energy calculated 
from the area underneath the unloading curve of the force displacement diagram is 
only an approximation (Ragnarsson, 1996). Further energy dissipation will occur 
after ejection from the die (De Blaey and Polderman, 1970). To correct for this 
underestimation De Blaey and Polderman (De Blaey and Polderman, 1970) assumed 
that the work required for a second compaction was equivalent to that required to 
overcome the stored elastic energy. This has since shown to be incorrect as further 
plastic deformation is thought to occur during recompression (Krycer et al., 1982) 
along with a modification in the material response to an applied load (Armstrong et 
al., 1982). Schierstedt and Muller (Schierstedt and Muller, 1982) observed that the 
process of multiple compressions had the effect of increasing the amount of stored 
energy within the compact and Al-Aghbar and Armstrong (Al-Aghbar and 
Armstrong, 1997) noticed a variation in crushing strength with a variation in the 
number and time interval between further compactions, suggesting a complex 
compaction mechanism. At present it seems that the underestimation inherent in the 
recoverable elastic energy calculations cannot be simply overcome with a modified 
compaction methodology. It can however, be minimised by the use of lubricated 
dies to minimise the influence of the wall friction (Ragnarsson, 1996). 
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2.6. Density Variations during Compaction 
The inhomogeneous density distributions commonly found in powder compacts 
(Eiliazadeh, 2004; Sinka et al., 2004a) are a direct result of the applied asymmetric 
loading during the compaction stage of processing. Early research conducted by 
Train (Train, 1957) investigated the pressure response of a powder under 
compaction. Manganin wire resistance gauges were employed and a complex 
pressure pattern within the powder bed was obtained. It was observed that the 
apparent density of the ejected compact correlated well with the predicted pressure 
pattern and confirmed the now classic pressure pattern, shown in Figure 2.6. The 
diagram shows a force being applied in the Y direction due to the downwards 
movement of the upper punch. The punch restricts movement of particles in the Z 
direction causing an impact on the bulk particles at close proximity to the upper 
punch at the surface of the powder assembly. The presence of the rigid die walls 
restricts radial movement in the X direction and therefore high density regions are 
found in the areas marked A. The combination of the forces acting internally in the 
X and Y plane results in stresses endured by the powder being dissipated through the 
internal core of particles in a diagonal downwards direction, creating an area of high 
density, shown by R. The areas shown by C represent the lowest density regions 
which can therefore be assumed to have endured the least amount of stress. This is a 
logical result of the applied force being externally dissipated from the top punch to 
the lower punch through particle interactions. The area S represents a low density 
region. Due to the area being a discrete distance away from any volumetric 
constraints, and not in the predominant pressure path, the particles are free to move 
and hence stress relief can occur. 
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Figure 2.6. Schematic Diagram of the Predicted Pressure Pattern Occurring 
During the Constrained Uniaxial Compaction of a Powder. 
Modified from (Train, 1957) 
Due to the inherent coupling of particle deformation by plastic flow and the storage 
of elastic energy the prediction of the developed stress pattern within compacts can 
also provide information regarding the inhomogeneous elastic energy distribution. It 
has been found when analysing a material response to an applied load using finite 
element modelling (FEM), the stress pattern formed can create narrow regions of 
localised, intensive shear stresses (Wu et al., 2005). This elastic anisotropy is 
thought to assist with crack propagation (Wu, 1978) and residual internal stresses are 
considered the cause of fracture in compacts by lamination and capping (Sugimori et 
al., 1989; Takeuchi et al., 2004). Effects of punch tip geometry on the 
inhomogeneities created by powder compression have also been studied (Eiliazadeh 
et al., 2004; Sinka et al., 2004a; Sinka et al., 2003). As the powder movement is 
dependant on the resulting forces generated from the application of the compressive 
stress, the powder movement during compression will vary considerably with a 
geometrical variation in the punch tip (Eiliazadeh et al., 2004). Due to the 
volumetric constraints and the frictional effects of unlubricated die walls the high 
density regions in compacts formed using concave punches can be found at the 
periphery of the solid body. The central region of the tablet however has a low local 
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relative density as radial movement in the 'curved' system is much greater than that 
in a flat faced punch system (Eiliazadeh et al., 2004). This result is reversed if the 
die walls are lubricated as the frictional effects are removed, and tablets display a 
smaller variation in local relative density (Sinka et al., 2003). 
2.7 Die Wall Friction 
The die wall friction is particularly important in uniaxial compaction as it is thought 
to contribute to the inhomogenous stress pattern and therefore the density 
distribution of the resulting compact. Friction is considered to be the summation of 
two independent energy dissipative processes: adhesion and ploughing (Bowden and 
Tabor, 1950). The phenomenon of ploughing occurs when one of the two contacting 
surface asperities is significantly harder than the other. The harder surface can cause 
a deformation of the softer surface by 'ploughing' out the material to an appreciable 
depth below the surface (Bowden and Tabor, 1950). The ploughing component of 
friction only applies at the die walls during powder compaction if the asperities on 
the hard surface are of the same magnitude as the particle size, which is not the case 
in this work. The adhesive component of friction occurs when two materials in 
contact are sheared. The bonds or junctions formed between the two surfaces are 
systematically ruptured and reformed, thus requiring work of friction (Adams et al., 
1987). There are at least two separate friction coefficients which can be defined 
during the compaction process: the static friction, which provides a magnitude of the 
force required to initiate sliding, and the dynamic friction, which is related to the 
force required to continue sliding across a surface (Briscoe and Evans, 1991; 
Doelker and Massuelle, 2004). The dynamic friction can be considered a constant 
throughout the ejection phase of compaction due to the die wall and particle 
properties remaining constant. The static friction coefficient is a variable parameter 
that is dependant on the porosity of the compact (Sinka et al., 2003). As the particles 
compress more tightly and homogeneously there is a decrease in the coefficient of 
friction and an increase in the radial stress transmission (Doelker and Massuelle, 
2004). It has be shown, however, that some reasonable estimates of compact 
properties can be obtained by computer simulation assuming a constant wall friction 
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2.7.1. Janssen — Walker Approximation of the Friction Coefficient 
A first-order model to describe the behaviour of powder compaction in a constrained 
die was first developed by Janssen (Janssen, 1895). Janssen noticed that the pressure 
at the bottom load cell of a column of liquid would be equal to the weight of the 
liquid, however, when the column was full of corn the pressure at the bottom load 
cell was much lower than the weight of its contents. The difference between these 
two observations is due to the magnitude of friction. Janssen (Janssen, 1895) 
proposed that a differential slice force balance, schematically shown in Figure 2.7 
could be used to predict the magnitude of friction: 
4 
1 = —ivrDdy 
YY 
Where D is the cylinder diameter layy is the vertical stress, and T,,c, is the shear stress at 
the wall. 
Figure 2.7. Differential Slice Model to Predict Stress Transmission During 
Compaction 
Janssen (Janssen, 1895) assumed that the vertical stress nyy was only a function of 
the y-direction. This assumption is incorrect as the radial distribution of the axial 
pressure on the upper punch shows a parabolic and symmetric pattern about the 
central axis of the die (Lammens et al., 1980). Walker (Walker, 1966) noticed this 
and modified the Janssen model by defining the mean vertical stress as iTyy and the 
[2.8] 
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stress at the wall as a(yy),. The ratio of the stress at the wall and the mean vertical 
stress was termed the distribution factor, A: 
A = (yy)w 	 [2.9] 
5- YY 
The Janssen-Walker model then defines the shear stress, tw as 
rw = gwa(xx)w 
	 [2.10] 
where µw  is the wall friction coefficient and crot,ow is the horizontal stress at the wall, 
defined as 
= K wo-(y), ),„ 	 [2.11] 
where Kw is a coefficient which is determined by the stress history and mode of die 
filling of the powder bed. The limits of Kw correspond to the Rankine active and 




d y ,uK „AU yygDdy 	 [2.12] 
Which upon integration yields 
I-1 
= Pa exp(— 4,uwKwA 
) 	 [2.13] 
where Pt is the transmitted stress, Pa is the applied stress and H is the current powder 
bed height. Using a fully instrumented die, measurements of the axial and radial 
stresses can be inserted into Equation [2.13] to predict the varying coefficient of wall 
friction during the compaction phase (Kadiri et al., 2005; Michrafy et al., 2004; 
Sinka et al., 2003; Wu et al., 2005). For experiments where only the upper applied 
force and lower punch force are recorded an 'apparent' coefficient of friction is 
commonly reported where the stress ratio between the transmitted and radial stress is 
included in the value (Laich and Kissel, 1995; Shammat Al. et al., 1979). 
2.8. Compact Ejection 
The ejection phase of a uniaxial compaction process occurs by the removal of the 
bottom punch after decompression. A load is then reapplied to the upper punch to 
drive the tablet out, as is shown in Figure 2.1. Macleod and Marshall (Macleod and 
Marshall, 1977) were among the first to investigate the ejection phase when 
investigating the compaction cycle of uranium dioxide. They identified the general 
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trend of a force-displacement ejection profile which is also commonly found during 
the manufacture of pharmaceutical tablets (Briscoe and Rough, 1998b; Mohammed, 
2004). Once the punch displacement initiates the measured upper punch force rises 
to a maximum ejection stress, PE, which can be defined as the 'static' ejection stress, 
as is shown in Figure 2.8. During the compaction of a powder mass both elastic 
potential energy and permanent strains are induced. Even with the removal of the 
upper and lower punch constraints after decompression a significant proportion of 
elastic strain remains within the compact as a residual radial stress (Briscoe and 
Rough, 1998b). The value of PE provides an indication of the residual die wall stress 
as it represents the magnitude of the energy required to overcome the adhesive 
junctions between the particles and the die wall and displace the tablet (Macleod and 
Marshall, 1977). Once the tablet begins to move the upper punch stress gradually 
reduces as the compact moves further towards the bottom of the die. The force may 
plateau at this point, if no recompression occurs, to a discrete value from which the 
`dynamic' ejection stress can be evaluated (Macleod and Marshall, 1977). The 
ejection stress then continues to decrease as the compact is thought to start leaving 
the die, and hence a decrease in contact area between the powder mass and the die 
wall occurs. Finally a sharp drop to zero load occurs corresponding to the complete 
ejection of the compact. The plateau region however, may not be easily defined and 
so a simple equation has been developed to determine the exit point of the compact, 
where the total axial length of the tablet is no longer fully constrained by the die 
walls. Mohammed (Mohammed, 2004) defined a normalised displacement value, D 
— 
D = h  hp 
	
[2.14] 
where h is the measured upper punch displacement, hp is the height of the removed 
bottom punch and ht is the final tablet height. At a normalised displacement value of 
zero the tablet should begin to leave the die and at a normalised displacement value 
of one the tablet will be fully ejected from the die. 
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Figure 2.8. An Example of an Ejection Profile 
Data shown: microcrystalline cellulose tablet with a maximum compaction stress of 127MPa. 
(Unpublished data from the research group, 2007) 
Mohammed (Mohammed, 2004), however, identified a significant limitation with 
this simple equation. The ejected tablet height may not represent the true height of 
the tablet after the compaction and decompression phase as some energy dissipation 
by volume expansion may occur during the removal of the constraints of the rigid 
bottom and upper punch. An incorrect tablet height estimation will result in the 
misinterpretation of the tablet exit point as is shown in the ejection profile of alpha 
lactose in Figure 2.9 (Mohammed, 2004). The dissipation of energy by volume 
expansion after the removal of the bottom punch is difficult to quantify due to the 
access limitations of the die walls. However, if the original bulk density of the 
powder is known the compact height before ejection can be more accurately 
estimated from the upper punch displacement recorded during the compression and 
decompression phase of the compaction cycle. 
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Figure 2.9. An Example of an Ejection Profile Where Recompaction Occurs. 
Data Shown: alpha lactose tablet with a maximum compaction stress of 99MPa. PE* represents 
the static ejection stress, however in this ejection profile it is not the maximum stress value. 
Data obtained from (Mohammed, 2004) 
The magnitude of the adhesion forces present between the die wall and the compact 
material govern the ejection process. Materials which are able to form plastic 
junctions with the die wall will display a relatively large magnitude of die wall 
friction and hence the recorded static ejection stress, PE will be high (Mohammed, 
2004). If the friction is of sufficient magnitude to constrain the compact movement, 
the continued displacement of the upper punch may result in the recompression of 
the powder assembly. This can be observed in Figure 2.9 where the ejection stress 
of alpha lactose increases after the point at which PE is achieved. The predicted 
stages of the compact ejection for materials which are strongly adhered to the die 
wall are shown schematically in Figure 2.10. 
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Figure 2.10. Schematic Diagram Showing the Various Stages of the Ejection 
Process Where Recompaction Occurs. 
A — Completion of the unloading phase, B — Possible stress dissipation by volume expansion 
after the removal of the bottom punch constraint, C — Static ejection and the initial 
displacement of the compact, D — Recompaction of the stationary tablet, E- Further 
displacement, F — Complete ejection of the tablet with the possibility of further stress 
dissipation by volume expansion after the removal of the upper punch constraint. Arrows show 
the direction of the applied load. Modified from (Mohammed, 2004). 
The magnitude of the static ejection stress is also dependant on the aspect ratio of the 
compact (Briscoe and Rough, 1998b; Rees and Shotton, 1971). A greater axial 
height of the tablet will increase the contact area between the powder mass and the 
die walls and hence the possibility of forming an increased number of adhesive 
bonds (Briscoe and Evans, 1991; Briscoe and Rough, 1998b). A simple force 
balance over the radial surface of the compact gives (Briscoe and Evans, 1991) 
70 2 
4 	 crE = fE Hd 	 [2.15] 
where d is the diameter of the compact, crE is the ejection stress, H is the height of 
the tablet and TE is some mean apparent interfacial shear strength over the whole 
compact-die wall interface during ejection. Therefore, 
CE = E d  
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This equation, however, assumes that shear at the die wall can be represented by a 
mean value. Briscoe and Evans (Briscoe and Evans, 1991) have shown that this is 
not the case and that the radial stress normal to the die wall is also a function of the 
compact aspect ratio. Empirically the contact pressure dependence of TE can be 
described as 
T E 	ro -Fauc.) 	 [2.17] 
Where To is some intrinsic shear strength, a is the pressure coefficient (Briscoe and 
Tabor, 1978) and cr(xx) is the radial stress which can be directly measured or 
estimated from the Janssen Walker analysis (Walker, 1966). 
2.9. Application to Microcrystalline Cellulose 
The compaction properties of microcrystalline cellulose, MCC, particles are slightly 
dependant on the method of manufacture but regardless of the commercial brand or 
grade all MCC particles behave in a similar manner (Bolhuis and Chowhan, 1996). 
The flow properties of MCC are dependant upon the particle size and morphology 
(Bolhuis and Chowhan, 1996). The commercial grade of MCC, Avicel PH101, 
FMC Corp, USA, see §1.3, has a dendritic shape which coupled with its size 
distribution (mean particle size ca. 50µm) and low bulk density (Bolhuis and Lerk, 
1973) provides relatively poor flow properties (Bolhuis and Lerk, 1973; Mendell, 
1972). The flow properties can be improved by increasing the particle size. Avicel 
PH102, FMC Corp USA, has a mean particle size of ca.1001.tm consisting of 
agglomerates and primary particles providing slightly better flow properties (Bolhuis 
and Chowhan, 1996). Avicel PH 200, FMC Corp, USA, has a mean particle size of 
200 pm and comprises of large spherical agglomerates providing that grade with 
superior flow properties to Avicel PH102, FMC Corp, USA (Bolhuis and Chowhan, 
1996). MCC generally has a low bulk density which can range between 0.32-
0.46g/cm3 (Sixsmith, 1976). An increase in the particle size of MCC reduces the 
initial packing density indicating that the irregularity of the morphology of the 
particles also increases (Roberts and Rowe, 1987b). Under an applied uniaxial stress 
MCC is thought to undergo stress relief deformation by several mechanisms 
(Bolhuis and Chowhan, 1996). Under low applied stresses the particles rearrange 
themselves and elastic deformation dominates. Aulton et al. (Aulton et al., 1974) 
described MCC as having the highest fraction of elastic recovery relative to ten other 
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commonly used pharmaceutical excipients. This phenomena is thought to be due to 
the hollow microfibrillar structure (Marshall et al., 1972). As the applied stress 
increases, further reversible elastic deformation continues in combination with the 
permanent deformation by time-dependant plastic flow. Plastic deformation is a 
direct result of the presence of slip planes or dislocations (Bolhuis and Chowhan, 
1996) and is thought to be an important factor affecting the compressibility of MCC 
(David and Augsburger, 1977). The dislocations are formed during the hydrolysis 
process of the manufacture of MCC, which is responsible for the plastic deformation 
on a microscale. The macroscale plastic deformation is considered to be a result of 
the spray-drying operation (Lamberson and Raynor, 1976). The densification by 
plastic flow is thought to occur in the pore diameter range of 3nm to 200nm 
(Westermarck et al., 1999) and is further inferred by the maintenance of the quantity 
of small pores present in the final tablets of compressed material (Vromans et al., 
1985). MCC is considered to deform in a predominantly plastic manner and many 
authors have reported MCC as having the highest plasticity ratio when compared to 
other directly compressible excipients (Antikainen and Yliruusi, 2003; Mohammed, 
2004). The plastic deformation of MCC results in the yield pressure, derived from 
the Heckel equation, see §2.4, being independent of particle size (McKenna and 
McCafferty, 1982), however, Roberts and Rowe (Roberts and Rowe, 1987b) have 
shown a slight strain-rate sensitivity with particle size, which is thought to be due to 
the fracture of large agglomerates which may occur during densification of large 
particles, lowering the strain rate sensitivity. As MCC displays viscoelastic time 
dependant properties, the material should logically display a variation in 
compactability with compression speed, however, the study of the effect of the rate 
of compaction of MCC has produced conflicting results. David and Augsburger 
(David and Augsburger, 1977) and Armstrong and Palfrey (Armstrong and Palfrey, 
1898) reported a change in the compaction of MCC with compression speed, 
whereas Tye et al. (Tye et al., 2005) and Ruegger and celick (Ruegger and celick, 
2000) reported no change. This variation within the published literature may be to 
do with the particle size of the material. It has been shown that MCC becomes less 
dependant on compaction speed as the particle size is reduced (Tye et al., 2005). It 
is well accepted that the deformation of MCC produces strong compacts with a large 
number of strong adhesive bonds or junctions. This has been concurred by 
investigations using compaction calorimeters where MCC has shown to have a large 
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negative compaction energy (Coffin-Beach and Hollenbeck, 1983; DeCrosta et al., 
2001; Wurster et al., 1995). During decompression however, the time-dependant 
elastic recovery causes an increase in the surface area indicating the rupture of bonds 
(Sixsmith, 1977). Stubberud et al. (Stubberud et al., 1996) showed that the tensile 
strength of MCC tablets, which can be considered an indirect method of measuring 
the adhesion energy between particles, increased up to a relative humidity of 31%, 
corresponding to a water content of 4.4wt%. This is thought to be a result of a 
reduction in the elastic recovery of the particles as relatively strong hydrogen bonds 
can form in the internal microfibular structure of the particles (Khan and Pilpel, 
1986). Stubberud et al. (Stubberud et al., 1996) also reported that the tensile 
strength of MCC compacts reaches a maximum plateau until a relative humidity of 
69% (7.7wt%) was reached, after which a decrease in the compact tensile strength 
was seen. At a relative humidity of ca. 70% it is postulated that the water molecules 
completely surround the particles and therefore inhibit the solid-solid interactions. 
The ambient moisture during storage of compacts has also shown to affect the tensile 
strength of MCC tablets. An increase in the ambient moisture content during storage 
after compaction weakens the compacts (Hancock et al., 2000) due to water 
molecules interacting with and disrupting the interparticle adhesive bonds. The 
change in the measured values of the Young's modulus observed by Hancock et al. 
(Hancock et al., 2000) was 44% for an increase in water content of 110%. The 
temperature and relative humidity are therefore important factors for MCC tablet 
tensile strength however, ambient conditions in the range of 15-40°C and 30-60% 
relative humidity have shown to have only minimal affects on the compaction 
mechanics (Britten and Pilpel, 1978) and hence the bonding properties of the 
powder. MCC is thought not to form strong plastic junctions with the die wall upon 
ejection and thus has a relatively low coefficient of friction (Mohammed, 2004). 
Although, as shown in Figure 2.8 the plateau region of the ejection profile is not 
easily definable meaning the dynamic friction coefficient determination may be 
complicated by the possible recompaction and corresponding stress relief of the 
material. 
2.10 Concluding Remarks 
The inherent complexity of a material response to an applied uniaxial compaction 
cycle has been critically discussed and established methods to characterise a 
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material's behaviour have also been introduced within this Chapter. 	The 
deformation mechanism of the material microcrystalline cellulose (MCC), studied in 
this current work, has shown to enable the manufacture of coherent tablets which 
display desirable compact qualities, such as a relatively high tensile strength 
(Roberts et al., 1995). The major advantage of the material is the inherent 
predilection to deform in a predominantly plastic manner. The relatively large 
intimate contact area between particles that develops during the application of a 
compressive load provides numerous opportunities for strength increasing junctions 
to form. The tabletting limitations of the material are governed by its viscoelastic 
nature. As discussed in §2.6 the non-uniform pressure pattern predicted by Train 
(Train, 1957) results in the final consolidated mass displaying internal density 
distributions and strain energy gradients. The time-dependant dissipation of the local 
regions of stored energy can disrupt the previously formed interparticulate junctions 
and increase the tablet porosity. As a popular excipient for standard tabletting 
formulations (Shangraw and Demarest, 1993) the advantage of the deformation by 
predominantly plastic flow currently outweighs the limitation of the observed elastic 
`rebound'. However, the full material response should be considered during the 
application of MCC to new tabletting designs and methodologies. 
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Chapter Three 
Fracture Mechanics 
In this Chapter an introduction to the commonly applied fracture mechanics 
principles is presented. A detailed description of the Grith's Theory of linear 
elastic fracture mechanics (LEFM) is given and the two complementary approaches 
to apply the theory are described Modifications to LEFM theory to account for 
small scale yielding at the fracture crack tip are considered and the fundamental 
approaches to yielding fracture mechanics for non-linear materials are introduced 
The methods of fracture in non-metallic materials are also portrayed with specific 
emphasis on porous bodies, polymers and ceramics. Finally, the application of the 
fracture mechanic theories to cellulosic compacts is discussed. 
3.1. Introduction to Fracture Mechanics 
The theoretical study of the mechanics of crack growth within pharmaceutical 
materials is important as it serves to fully characterise the failure process of these 
tablets and may elucidate possible solutions to prevent tablet cohesive failure within 
manufacturing. Theoretically, a fracture will occur when a discrete amount of 
energy is imposed at the atomic level of a material which exceeds the bonding 
energy between adjacent atoms. In practice, however, the fracture strength shown by 
most brittle materials is typically three of four orders of magnitude below the atomic 
scale cohesive stress (Anderson, 2005). The explanation for this phenomenon was 
originally postulated by early fracture mechanics researchers including Inglis (Inglis, 
1913) and Griffith (Griffith, 1920) who showed that flaws or cracks within a material 
must decrease the fracture strength by magnifying the local stresses. Therefore a 
relatively low applied tensile stress can overcome the apparently higher cohesive 
strength of the material. Inglis (Inglis, 1913) originally approached this problem by 
evaluating the stresses applied to an internally elliptical cracked body. The 
conclusions of this work were that at an infinitely sharp crack tip the stresses acting 
on the material were infinite. This result obviously caused concern as no material 
can withstand infinite stress and if correct would result in the failure of many sharp 
cracked or flawed materials under extremely minute applied loads. It was this 
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controversy that inspired Griffith to develop the now classic energy balance 
approach. 
3.2. The Griffith Theory 
Griffith (Griffith, 1920) applied the first law of thermodynamics to fracture through 
the realisation that for a crack to form or grow the net energy in the system must 
decrease or remain constant. Thus he postulated that in order for a fracture to occur 
enough energy must be provided to the system to create two new surfaces: if the 
stored elastic strain released by crack propagation meets or exceeds the free surface 
energy required to create the surfaces the material will fracture. An energy balance 
for an incremental increase in crack area, dA, can therefore be written as: 
dE _dfl dW, n 




where E is the total energy, H is the potential energy supplied by the internal strain 
energy and external forces and W, is the work required to create two new surfaces. 
For the example shown Figure 3.1 where a through thickness crack of width 2c 
occurs in an infinitely wide plate of thickness b subjected to a remote tensile stress a 
the work required to form the two new fracture surfaces (both equal in length to 2c), 
Ws, can be expressed as 
WS = 4cby, 	 [3.3] 
where is is the surface free energy of the material. Combining Griffith Theory with 
the stress analysis of Inglis (Inglis, 1913) the potential energy, II, can be defined as 
7.1.0.2c2b  







Equations [3.5] and [3.6] 
[3.5] 
[3.6] 
can be equated and assuming that b>>2c, defining 




where flo is the potential energy of an uncracked material. Thus 
[3.4] 
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a = (2Eys )2 
f gc 
where E is the Young's Modulus, c is the crack length and ys is the surface energy of 
the material. The equation for the remote stress at failure, af, for an infinite plate in 






where v is the Poisons Ratio. 
Figure 3.1. A Through-Thickness Crack in an Infinitely Wide Plate Subjected 
to a Remote Tensile Stress. 
The arrows represent the direction of the applied force. b is the sample width and 2c is the 
crack length. 
Griffiths work is now considered to be revolutionary for its time: it highlighted the 
possibility that the energy dissipated at the crack tip was the driving force for 
fracture and that other properties such as the elastic modulus of the material, the 
crack length and the applied stress are merely assisting the redistribution of energy 
(Kendall, 1994). Griffith's (Griffith, 1920) original study was solely applied to an 
inorganic glass, an ideally brittle material, and thus the energy required to create the 
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of the material. Fracture mechanics applied to materials which fail in an ideally 
brittle manner has since been termed Linear Elastic Fracture Mechanics (LEFM). 
An important assumption worth noting at this stage is that LEFM requires the 
material response at the crack tip to be entirely elastic. The practical application of 
LEFM theory uses one of two commonly utilised approaches. Either the energy 
within a system can be analysed giving parameters including the energy release rate, 
G, and the resistance of a material to fracture, R, or the analysis can begin by 
examination of the local stresses around a crack tip which yields a parameter know 
as the stress intensity factor, K. Obviously it has been shown at least for the elastic 
case that these two approaches provide identical results (Williams, 1984). 
3.3. Linear Elastic Fracture Mechanics 
3.3.1. The Fracture Energy Approach 
The well established and elegantly derived Griffith Theory provided the fundamental 
understanding of fracture mechanics, however, the application of the concepts to 
general engineering problems caused difficulties (Anderson, 2005). In light of this 
Irwin (Irwin, 1956) developed the energy release rate concept. The energy release 
rate G, also know as the crack extension force or crack driving force is the rate of 
change in the potential energy with respect to crack area (Tada et al., 2000). G can 









where UT is the total strain energy in the cracked body, Ai is the point loading 
displacements, A is the crack area, P is the applied force and C is the elastic 
compliance. Crack extension occurs when G reaches a critical value, Gc, know as 
the fracture toughness of the material. From the Griffith theory 
G, = dW,  = 2y, 	 [3.11] 
c/A 
where W, is the work required to create the two new surfaces and y, is the surface 
free energy of the material. Crack extension occurs when G = 2W, but how the crack 
proceeds or grows will depend on the variations in W, with the crack size. 
Replacing 2W1  with R, termed the materials resistance to crack extension allows for 
deviations in the work to be observed and hence accounted for. 
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3.3.2. Resistance Curves 
Examination of a resistance curve or R-curve can provide information about the 
method of fracture. Stable fracture occurs when 
G = R 
which can be written as 
dG dR 
dA dA 
where A is the crack area and G is the fracture energy release rate. The criteria for 
unstable crack growth can be expressed as 
dG dR 
dA > dA 
If the material displays a flat R-curve, after the reaching the fracture energy value G, 
the crack will become unstable as the driving force increases with crack growth but 
the materials resistance to fracture remains constant, as shown in Figure 3.2. 
Figure 3.2. A Flat Resistance Curve Showing the Regions of Stability. 
Modified from (Anderson, 2005) 
If the material displays a rising R-curve then only at applied stresses which are 
passed the tangent of the R-curve will the material exhibit unstable fracture 
(Anderson, 2005), as illustrated in Figure 3.3. The shape of the R-curve is dependant 
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flat R-curve will be seen. This is due to the surface energy being an intrinsic 
property of the material and hence the value of Ge can be quoted as a material 
constant. If the material behaves in a quasibrittle or ductile manner it is common for 
the plastic zone at the crack tip to increase with crack length and hence increase the 
resistance to facture during crack propagation (Morel, 2007). In this case a rising R-
curve will be seen and the value of Gc is no longer a true material constant. As is 
shown in Equation [3.14] the material will fracture when the driving force curve is at 
a tangent with the R-curve which obviously depends on the shape of the R-curve. R-
curves for a single material can take a number of shapes depending on the sample 
configuration and structure (BaIant, 1997, Morel et al., 2003); some can even have a 
negative gradient. A negative gradient is a common result for failure by cleavage: 
the material near the crack tip is subjected to very high strain rates which can inhibit 
plastic flow reducing the materials resistance to fracture with crack propagation 
(Anderson, 2005). 
Figure 3.3. A Rising Resistance Curve Showing the Regions of Stability. 
Modified from (Anderson, 2005) 
3.3.3. The Stress Criterion Approach 
This approach was developed by two different authors, Irwin (Irwin, 1957) and 
Williams (Williams, 1957), using two complementary methodologies. Irwin (Irwin, 
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1957) combined his energy release rate concept with a technique for analysing the 
stresses and displacements ahead of a crack tip, developed by Westergaard 
(Westergaard, 1939). Irwin showed that the stresses and displacements around a 
propagating crack tip could be described by one single constant that was related to 
the energy release rate. This constant became known as the stress intensity factor, K. 
Although not as appealing as describing the global facture behaviour based on an 
energy balance approach the local stress analysis method around a crack tip is 
perfectly viable in a local phenomenon such as fracture (Williams, 1984). For a 
cracked arbitrary body subjected to external forces the closed form expressions for 
the stresses in that body can be derived by applying the following assumptions: 
• Two dimensional stress state 
• Isotropic material 
• Quasistatic, isothermal deformation 
• Body forces are absent 
For a polar co-ordinate system with the axis origin at the crack tip it can be shown 




where c is the stress tensor, r and 0 are shown in Figure 3.4, k is a constant and fij is 
a dimensionless function of 0. (A full derivation can be found in standard fracture 
mechanics text books (Williams, 1984, Anderson, 2005)). The geometry of the 
system is important for determining the higher order terms in the equation, however, 
all systems have a dominant dependence on 	, regardless of the configuration. 
r 
The equation becomes singular as r-4), as the leading term approaches infmity 
elucidating the stress is asymptotic to r = 0. 
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Figure 3.4. Schematic Diagram Showing the Definition of the Co-ordinate Axis 
Ahead of a Crack Tip. 
The z direction is orthogonal to the page. Modified from (Anderson, 2005) 
3.3.4. Modes of Loading 
There are three principle modes of loading commonly associated with fracture 
problems which are shown in Figure 3.5. Mode I is the opening mode or nominal 
`pure' tension mode. In this regime the principal load is applied normal to the crack 
plane. Mode II is termed the shearing or in plane shearing mode and results in one 
crack face 'sliding' across the other. Mode III is described as the tearing mode or 
out of plane shear mode. Most literature concerning the quantitative analysis of 
fractures is focused on mode I loading for two main reasons: simplicity (examination 
of the stress equations for each type of loading reveals that the equations are very 
similar with exactly the same format (Broek, 1989, Tada et al., 2000)) and most 
cracks and fractures are a result of a mode I loading: if mode II or mode III loading 
is present they are usually in combination with at least mode I and occasionally with 
each other. Due to the principles of linear supposition in a mixed mode problem the 
individual contributions to a given stress component are additive: 
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Figure 3.5. Schematic Diagram Showing the Three Modes of Loading 
Arrows indicate the direction of the applied load 
For each mode of loading there are well established strength testing procedures for a 
number of sample geometries that can be found in international standards such as 
ASTM (American Society for Testing and Materials) and ISO (International 
Organisation for Standardisation). These methodologies invariably require the 
introduction of a notch or crack with known length to act as a stress or energy 
concentrator. Each mode of loading produces the 	singularity at the crack tip 
r 
however, the parameter k and function fii from equation [3.15] are dependant on the 
configuration. The stress intensity factor, K, introduced in §3.3.3., defines the 
amplitude of the crack tip singularity. If K is known it is possible to solve for all 
components of stress, strain and displacement as a function of r and 0 (Anderson, 
2005). K is usually written with a subscript (I, II or III) which denotes the mode of 
loading. Applying the crack geometry shown in Figure 3.4 and assuming Mode I 
plane stress conditions (i.e. an absence of a constraint in the thickness direction) the 
following equations can be derived: 
crx = 	
KI cos—e (1— sin-9 sin —30) 	 [3.17] 
1,127zr 	2 	2 	2 
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K J. 0 	
2 
0 30 
cry = 	cos— 
2 
 1— sin—sin — 	 [3.18] 
- 	272'. 	 2 
az = 0 [3.19] 
1( / 0 0 30 
r 
= cos—sin—cos— 	 [3.20] 
xy 5-1.- 2 2 2 
From equations [3.17] and [3.18] it can be seen that the stresses in the x and y 
directions are equal and when 0 = 0 there is no shear stress acting on the material 
meaning that the crack plane is the principal plane for mode I loading. It is only at 
close proximity to the crack tip, however, where the stress singularity dominates. At 
distances far from the crack tip the stress field is determined by the remote boundary 
conditions. As shown in Figure 3.6, where the stress normal to the crack plane is 
shown schematically as a function of distance from the crack tip, when the material 
is subjected to a uniform remote tensile stress, cryy approaches a constant value a'. 
The localised area around the crack tip, known as the singularity dominated zone can 
be fully described by the stress field equations containing K, allowing parameters 
such as the crack tip displacement to be evaluated. 
Figure 3.6. Stress Normal to the Crack Plane in Mode I Loading. 
Modified from (Anderson, 2005) 
63 
Cellulose Bilayer Tablet Interfaces 	 Fracture Mechanics 
The equation defining K will depend on the geometry of the sample and the mode of 
fracture but will always be in the form: 
K= 4-157-NITE 	 [3.21] 
where 13 is a geometry factor which is a function of the crack length, c and a length 
dimension, L describing the geometry of the cracked body and a is the applied stress. 
For linear elastic materials there is a unique relationship between the local stress 
intensity factor, K and the global parameter the fracture energy release rate, G. 
From the closed crack analysis derived by Irwin (Irwin, 1957) it can be shown that 
the following relationship applies: 







where u is the shear modulus and E'= E for plane stress conditions and 
E'. 	E(1—v2) for plane strain conditions, where E is the elastic modulus. 
3.4. Elastic-Plastic Fracture Mechanics 
The application of linear-elastic fracture mechanics (LEFM) although simple to 
utilise and well established is not always valid. The original Griffith Theory 
(Griffith, 1920) has severely underestimated the fracture strength of some materials. 
Ductile materials, including most metals, will deform plastically under stress, 
expending significantly more energy at the crack tip than is utilised by creating the 
two new fracture surfaces. To account for the yielding at crack tips several authors 
postulated simple modifications to the LEFM theory (Irwin, 1961, Dugdale, 1960, 
Barenblatt, 1962, Wells, 1961). 
3.4.1. The Irwin Approach 
Irwin (Irwin, 1957) showed that as long as the plastic deformation was confined to a 
small zone at the crack tip a simple extension of the LEFM theory can be applied. 
Equation [3.8] can be modified, as shown below, to include the plastic work per unit 
area of surface created, yp, which is typically much larger than the thermodynamic 
surface free energy ys. 
(7rE,(y, yp /2 
7rA 
61  = [3.23] 
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where o f is the fracture force, E is the elastic modulus and A is the crack area. 
Figure 3.7 shows a schematic representation of the normal stress as a function of 
distance from the crack tip when plastic yielding occurs, according to the Irwin 
theory. It can be assumed that plastic deformation will only occur once the principal 
stress has reached the material specific yield stress, lays. Once this stress is reached 
the stress singularity is truncated by yielding at the crack tip. The energy that would 
be present in an elastic material, shown as the hatched region in Figure 3.7, needs to 
be redistributed to satisfy equilibrium. The redistribution occurs by an in increase in 
the known crack length by a 'process zone' radius length,
2  
-2- The addition to the 
crack length also increases the amplitude of the crack tip singularity at ayy< CYYS 
meaning the value of the stress intensity factor increases to an 'effective' stress 
intensity value, Keff. This value can be obtained from Equation [3.21] by replacing 
the known crack length with an effective crack length, ceff,  defined as the sum of the 
known crack length, c, and the radius of the process zone, Ac: 
ceff = c + Ac 
	 [3.24] 
Figure 3.7. Schematic Representation of the Stress Redistribution That Occurs 
During Plastic Yielding 
Modified from (Anderson, 2005) 
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3.4.2. The Strip Yield Model 
Dugdale (Dugdale, 1960) and Barenblatt (Barenblatt, 1962) approached the problem 
from a slightly different angle and formulated the strip yield model. Their analysis 
was developed for materials with a through crack in an infinite plate and applies a 
process zone length to either end of the propagating crack. Both the Irwin process 
zone model and the strip yield model are in good agreement up to an applied stress 
of approximately 0.856ys, where ays is the yield stress of the material. However, 
examination of the predicted process zone shapes shows that the Irwin model is more 
accurate for determining plastic deformation in metallic materials and the strip yield 
model is more suited for process zone determination in polymer materials, where the 
process zone is not considered to be due to plastic deformation but can be attributed 
to other effects such as fibre bridging, which are discussed in more detail in §3.7.2. 
3.5. Yielding Fracture Mechanics 
Materials which display time-independent non-linear behaviour i.e. non-local plastic 
deformation cannot be described using the slightly modified LEFM principles. For 
these materials a further branch of fracture mechanics termed yielding fracture 
mechanics (YFM) is applied. In YFM two main parameters are commonly used to 
describe the stress distribution around the crack tip, these are the crack tip opening 
displacement (CTOD) and the J contour integral. As the materials studied in this 
work do not require a relatively large modification to the Griffith Theory of LEFM, 
which can account for large scale plastic yielding at the crack tip, these 
methodologies will not be discussed further. 
3.6. Fracture Mechanics and Contact Adhesion 
The process of fracture inevitably requires the rupture of adhesive bonds between 
two surfaces in contact. It is therefore a logical progression that the principles used 
within the field of fracture mechanics should be able to assist with the 
characterisation of contact adhesion. The most widely accepted models of contact 
adhesion between two perfectly smooth elastic bodies are the JKR (Johnson et al., 
1971) and DMT (Derjaguin et al., 1975) models (Podczeck, 1998). The proprieties 
of which are not discussed in detail within this thesis but can be found in elsewhere 
(Podczeck, 1998, Israelachvili, 1991). The direct application of these approximate 
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theories to practical situations is however severely limited due to the inherent 
roughness of particle surfaces, the associated moisture content of particles and the 
deformation mechanism of materials which always consists of some degree of 
viscoelasticity. Maugis and Barquins (Maugis and Barquins, 1978) noticed these 
limitations and using the kinetics of crack propagation they were able to reconcile 
the surface chemistry involved in adhesion with fracture mechanics. Application of 
the well utilised Griffith Theory (Griffith, 1920), introduced in §3.2, allows an 
extension to the JKR Theory which can provide an estimation of the energy 
dissipative viscoelastic deformation of surfaces in contact. The separation of two 
elastic bodies in contact can be considered to be akin to a crack which propagates 
towards the centre of the contact area. Under an applied tensile stress resulting in 
predominantly mode I loading (see §3.3.4), the strain energy release rate, G, can be 
described by 
G= 
lau, ± aup) 
aA aA 
where UE is the stored elastic strain energy, Up is the potential energy of the load and 
A is the contact area. The stored energy at the interface, U„ can be described by 
U s = AxL4 	 [3.26] 
where Ay is the thermodynamic work of adhesion. If G is not equal to Ay then the 
contact area will change to minimise the free energy of the system. If G < Ay, the 
contact area will increase and the crack will recede. If G > Ay then the crack will 
grow and the contact area will decrease in size. At equilibrium G = Ay and the 
contact area remains constant, this is known as the Griffith's Criterion (Griffith, 
1920). The applied force required to achieve the Griffith Criterion can be considered 
the quasistatic or thermodynamic force of adherence. If the two bodies in contact 
deform in an entirely elastic manner the force of adherence will equal the 
thermodynamic force of adhesion. However, for real systems there will always be 
some degree of viscoelastic deformation which will create an energy dissipative 
process to occur during crack propagation and hence the force of adherence is 
generally greater than the calculated thermodynamic force of adhesion. 
3.6.1. Energy Dissipation 
The thermodynamic work of adhesion, W, and the surface free energy, y of two 
surfaces in contact has a complication of having different determined values 
[3.25] 
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depending on whether the surfaces are increasing in contact area: coming together, 
or reducing in contact area: pulling apart. Bikerman (Bikerman, 1947) likened this 
phenomenon to the energy hysteresis observed during the advancing and retreating 
contact angles of a liquid droplet on a solid surface. The exact cause of this 
observation is a matter of conjecture and has been attributed to the reorientation of 
molecules and interdigitations occurring at the interface as a function of time 
(Landman et al., 1990). It is likely that the as the solid particles in contact deform by 
plastic flow (Landman et al., 1990) a discrete amount of stored elastic strain energy 
will also be present. This stored energy will result in a time dependant deformation 
known as creep, which is commonly encountered within pharmaceutical materials 
(Malamataris and Rees, 1993). The presence of creep infers that the measured 
adhesion force is not recorded during a state of equilibrium, due to the large time 
scales required to reach equilibrium, but is instead a time dependant parameter. 
Using the approximations of the adhesion force based on fracture mechanics 
principles by Maugis and Barquins (Maugis and Barquins, 1978) the energy losses 
by viscoelastic deformation, Gv, can be estimated from 
G, = Ayfi + c13(aT v)] 	 [3.27] 
where Ay is the thermodynamic work of adhesion, v is the crack speed, b is a 
dimensionless function of crack speed and temperature and aT is a shift factor that 
allows the experimental results to be shifted to a reference temperature (Ferry, 1970). 
The above equation however is valid only when the non-elastic deformation is 
confined to a localised region around the crack tip, akin to the linear elastic fracture 
mechanic extension by Irwin (Irwin, 1961) introduced in §3.4.1, and is proportional 
to the thermodynamic work of adhesion (Maugis and Barquins, 1978). Viscoelastic 
behaviour results in a displacement of the two contacting bodies under load which 
can be characterised by applying the JKR. Theory based on the Hertz (Hertz, 1896) 
equations of elasticity. 
3.7. Methods of Fracture in Non-Metallic Materials 
The fracture mechanisms of metallic materials are commonly less ambiguous than 
non-metals due to the volume of research that has been applied to these materials 
over a substantial period of time (Anderson, 2005). Metals are generally continuous 
ductile materials that contain few inherent flaws or voids and hence behave in a 
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quantifiable and predictable manner. Non-metallic materials such as polymers and 
ceramics display a more complex material response and as such are far less 
understood. 
3.7.1. Fracture of Porous Media 
The porosity of powder compacts makes the prediction and measurement of their 
resistance to fracture relatively complex: inherent space, with varying size and 
shape, within the compact creates the possibility of a multitude of strength 
weakening internal flaws or cracks. To address this problem initial methods to 
calculate the tensile strength of porous bodies involved a summation of bond 
energies at contact points within the fracture plane (Rumpf, 1970); this theory has 
since proved to be inadequate as in practice the assumption, adopted by Rumpf, that 
all bonds fracture simultaneously is incorrect. Due to crack propagation the bonded 
particles separate sequentially (Kendall, 1988), meaning the application of a Griffith 
(Griffith, 1920) style energy balance approach is far more appropriate. Evans and 
Davidge (Evans and Davidge, 1969) applied the Griffith Theory to polycrystalline 
materials. They suggested that the internal pores would form equatorial cracks 
approximately one-half grain deep into the matrix thus creating a sharp flaw. They 
postulated that the grain boundaries were weak enough to fail under the stress 
concentrated by the pore and hence quantified the crack length as the radius of the 
pore plus the length of the grain boundary (considered as half the diameter of the 
mean particle size). Rice (Rice, 1984) also implemented this definition of crack 
length when comparing the fracture of polycrystalline porous materials with that of 
glass containing spherical pores from air bubbles. Rice (Rice, 1984) concluded that 
pores within polycrystalline bodies behaved more like sharp flaws than in glasses for 
a number of reasons. The rough particle topography of polycrystalline materials 
creates the possibility for grain boundary 'grooving' increasing the sharpness of the 
pore. Also, the stress history of the particles may also affect the crack propagation. 
The near-surface mismatch stress analysis of Wachtman and Dundurs (Wachtman 
and Dundurs, 1971) states that the stresses due to strain gradients between grains 
caused by the thermal-expansion anisotropy are highly accentuated at, and near, a 
free surface such as a pore. This theory may also explain why the observed fracture 
energy decreased with particle size as the smaller the length of the grain boundary 
the more accentuated are the imposed stresses. The strain gradient effect was 
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originally attributed to thermal expansion that occurs during the sintering of ceramic 
materials (Wachtman and Dundurs, 1971) however it is likely that all compacts 
formed under an applied load will display expansion anisotropy to some degree 
(Rice, 1984) and this effect will be heightened within materials capable of storing a 
significant degree of elastic strain energy. These conclusions are qualitatively 
consistent with fracture models originating from single pores derived by Baratta 
(Baratta, 1978), Evans (Evans et al., 1979) and Green (Green, 1980). The above 
mentioned theories are enticing by providing a possible strength testing method for 
all coherent samples without the need to introduce a stress concentrator, however 
they are fundamentally limited: variability of the results will occur due to the 
presence of uncontrollable flaws during manufacturing and machining which will 
significantly influence the perceived crack length (Rice, 1984). The requirement of 
an estimate of the internal pore size is therefore an extremely controversial matter. 
Research conducted by Klein and Reuschle (Klein and Reuschle, 2003, Klein and 
Reuschle, 2004) into the mechanical behaviour of porous granular rocks estimated 
the pore size and pore density using optical microscopy by impregnating thin 
(50um) samples with red epoxy. An equivalent pore radius, a, was estimated using 
Equation [3.28], where A is the measured area of a real pore: 
a =,I A 
	 [3.28] 
This method seems able to provide a viable estimate of the flaw size for the 
measured material, however it has been shown that unless the pore size distribution 
remains constant over a range of samples, an average pore size measurement does 
not correlate well with the measured fracture strength (Birchall et al., 1981). Also it 
has also been elucidated through fractography that many polycrystalline materials do 
not fracture by intergranular failure but will fracture as a result of transgranular 
failure (Rice, 1984) meaning the predicted mechanism of forming an intermediate 
stage equatorial crack is inappropriate in most cases, however for low particle sizes 
intergranular fracture is commonly observed (Simpson 1973). While investigating 
the fracture strength of titania and alumina compacts Kendall (Kendall, 1988) 
observed that the flaw size which initiated crack propagation was several orders of 
magnitude larger than the mean particle size of the powder material, and was a direct 
result of an agglomerate which was present in the powder mixture before 
compaction. As agglomerates within powder compacts can display a wide size 
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distribution it is no surprise that the measured fracture parameters of porous media 
have a wide statistical variation (Mullier et al., 1991). Even the repeated fracture of 
single particles, prepared under nominally identical conditions, is plagued with 
inconsistency due to the small length scales involved and the uncontrollable 
distribution of flaws or cracks that will inevitably be present (Adams et al., 1994). 
Statistical analysis of fracture data for porous media, by the implementation of 
techniques such as the Weibull analysis, can provide more reliable mechanistic 
parameters (Subero-Couroyer et al., 2003) however, they require a large number (in 
the order of hundreds) of tested specimens to produce convincing and accurate 
results, and therefore much reported experimental data displays a wide statistical 
variation and hence standard error. 
3.7.2. The Fracture of Polymers 
The mechanical response of polymers is generally defined as rate dependant 
viscoelastic deformation (Young and Lovell, 1991), due to their mobile molecular 
structure. Polymer chains are attracted to each other by the presence of the relatively 
weak van der Waals forces, which require the application of relatively weak forces to 
be overcome. The measured fracture force of polymers however generally exceed 
the thermodynamic predictions based on the intermolecular adhesive forces alone 
due to the energy requiring process of deformation. For example the thermodynamic 
surface free energy of two relatively brittle polymers, poly(methyl methacrylate) and 
polystyrene is thought to be in the order of 30mJ.m-2, however their experimentally 
determined values are approximately 0.2-0.4kJ.m2 and 1-21am-2 respectively 
(Young and Lovell, 1991). The plastic deformation of polymers can be divided into 
two main groups: shear yielding and crazing (Ward, 1971), which are both shown in 
Figure 3.8. However, it is thought that the phenomenon of crazing will always occur 
in conjunction will at least a small amount of shear yielding (Kramer, 1983, Saad-
Gouider et al., 2006). Shear yielding is comparative to plastic deformation in metals 
(Cotterell et al., 2007, Lazzeri and Bucknall, 1996) as it involves the molecules 
`sliding' across each other when subjected to a shear stress of sufficient magnitude. 
The molecular 'slip' in metallic materials and the molecular 'shear' in polymers are 
governed by similar yield criteria. For localised shear yielding an Irwin (Irwin, 
1961) style analytical approach to fracture is appropriate. Crazing occurs by the 
formation of local cavities in the material, which are encased by aligned packets of 
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molecular chains called fibrils (Anderson, 2005). The crack opening displacement 
depends on the ability to draw more material into the process zone and on the 
compliance of the fibrils (Cotterell et al., 2007). The crazing phenomena can be 
distinguished by the appearance of localised stress-whitened regions, caused by the 
reduction in the refractive index. A material which deforms by the crazing 
phenomena will fracture once the applied stress has reached a sufficient level to 
rupture the individual fibrils. The analytical approach to fracture by crazing is more 
suited to a Dugdale-strip yield zone model. 
Figure 3.8. Schematic Diagram of Crack Tip Behaviour During the Fracture of 
Polymers 
As polymer materials display visco-elastic properties the fracture mechanism is 
obviously crack propagation rate dependant. It has been shown however that there is 
no consistent trend that can generally be applied to all polymer materials (Du et al., 
2000, Atkins, 1975, Scott et al., 1980). Due to fracture mechanisms such as stick-
slip fracture (where a crack-length can instantaneously advance to lengths longer 
than the process zone due to catastrophic failure of the material within the process 
zone) and possible transitions from local isothermal to adiabatic conditions at the 
crack tip (Williams, 1972) one material can display a oscillatory non-monotonic 
fracture toughness-crack velocity relationship (Webb and Aifantis, 1995). 
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3.7.3. The Fracture of Ceramics 
Ceramic materials are mainly found in a crystalline form, similar to that of metals, 
however, they tend to deform in a more brittle manner due to the absence of close-
packed planes on which dislocation can occur (Anderson, 2005). Monolithic 
ceramic materials tend to have low fracture energies and behave as ideally brittle 
solids: they do not portray a yielding deformation response to loading. Modern 
designed ceramic composites which contain more than one material have a 
substantially increased resistance to fracture. The most common methods of 
toughening can be divided into three main groups: process zone formation, bridging 
and crack deflection and although have clear definitions may occur in tandem during 
the fracture of real materials (Sarkar et al., 2007). The individual mechanisms which 
can improve a ceramics inherent toughness are microcracking, transformation 
toughening, ductile phase toughening and fibre and whisker toughening (Suresh, 
1990). Microcracking is the result of microscopic cracks forming locally within the 
bulk material ahead of the crack tip (Barinov, 1988). This phenomenon is the 
predominant damage mechanism during the cyclic compression of single phase 
ceramics, such as aluminium oxide (Suresh, 1988). At first inspection this method 
may seem to be counterproductive and result in a reduction in the overall material 
strength, however, the evolution of these small flaws helps to increase the material 
resistance to fracture. The formation of the microcracks releases strain energy from 
the material which causes an increase in the overall compliance (Hutchinson, 1987). 
Microcracking is commonly observed in sintered materials which display thermal 
expansion anisotropy (Fu and Evans, 1982). Transformation toughening occurs 
when secondary particles with the material experience a stress-induced martensitic 
transformation that results in a shear deformation and a volume change (McMeeking 
and Evans, 1982). The resistance to fracture is increased as excess energy is 
dissipated in the process zone containing the secondary particles. Transformation 
toughening has shown to produce stronger materials than particle deformation and 
whisker toughening techniques (Basu, 2005). Ductile phase toughening is the result 
of additional ductile particles being added to the material to dissipate energy at the 
crack tip by plastic deformation (Mayer, 2004). This energy dissipative process has 
been observed to increase the fracture strength of materials by up to a factor of ten 
(Kunz-Douglass, 1980, Krstic et al., 1981). Fibre and whisker toughening occurs in 
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materials where a brittle ceramic matrix is combined with long brittle ceramic fibres 
or short ceramic whiskers and the overall strength of the matrix is increased. There 
are two processes which can be used to characterise this phenomena. In the first a 
crack is considered to reach a fibre/matrix interface and debond the adhesion 
between the two by mode II fracture, dissipating energy before continuing to 
propagate through the matrix (Vekinis et al., 1997). This leaves a fibre 'bridge' in 
the crack wake. The length of debonding controls the crack opening. The second 
process occurs when the fibre-matrix bonding is weak and hence a small amount of 
energy dissipation can occur through the frictional sliding of the two materials 
(Vekinis et al., 1997). Suresh (Suresh, 1990) proposed that the non-linear stress-
strain behaviour of a whisker reinforced matrix could also be due to a combination of 
microcracking and frictional sliding along the whisker-matrix interface. 
3.8. Application to Microcrystalline Cellulose 
The experimental determination of the LEFM parameters used to describe the 
material properties of MCC tablets during fracture has been published by a variety of 
authors (Mashadi and Newton, 1987, Mashadi and Newton, 1988, Roberts and 
Rowe, 1989, York et al., 1990, Roberts et al., 1993, Hancock et al., 2000). Within 
these publications the assumption that the deformation at a crack tip within a 
material is completely elastic and thus no significant plastic deformation of the 
material occurs has been accepted without comment. There has been no attempt to 
introduce the application of non-linear fracture mechanics to account for the small 
zone of plastic deformation ahead of the crack tip, which is surprising given the 
inherent ductile nature of the material. Cellulose compacts are consolidated 
particulate solids made of cellulose polymers and therefore it would seem logical 
that the fracture behaviour of these tablets is a combination of the characteristic 
behaviour of both monolithic ceramic fracture (brittle and unstable) and polymer 
fracture (displaying small scale local plastic yielding). The plasticity of MCC during 
fracture has been quantified by other authors using a brittle fracture propensity (BFP) 
originally proposed by Hiestand et al. (Hiestand et al., 1977). Roberts and Rowe 
(Roberts and Rowe, 1986) found the BFP of MCC to be extremely low relative to 
other pharmaceutical ingredients indicating the ability of the material to relieve 
localised stresses by plastic deformation. 
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3.9. Concluding Remarks 
The commonly applied fracture mechanics principles used to characterise the failure 
of a system have been introduced and critically discussed. It has been observed that 
the simple entirely linear-elastic material response dictated by the original Griffith 
(Griffith, 1920) Theory is inappropriate for a range of materials including metals, 
polymers and ceramics. The material studied in this current work, microcrystalline 
cellulose is generally considered to deform in a predominantly plastic manner and 
thus the simple LEFM assumption of a fully elastic response at a sharp crack tip 
appears inappropriate. Alternative methods such as the Irwin (Irwin, 1961) approach 
to small scale plastic yielding should therefore be considered when applying fracture 
mechanic relationships to the failure of microcrystalline cellulose compacts. 
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Chapter Four 
Experimental Materials and Methods 
This Chapter is divided into two main sections, the first characterising the utilised 
materials and the latter describing the equipment and experimental methodologies 
pertaining to the current work. The introduced apparatus and procedures include 
the materials tester and corresponding load cells, the fracture methodology, laser 
profilometry and x-ray microtomography. Other surface characterising techniques 
including scanning electron microscopy and X-ray microanalysis are also described 
Where appropriate a brief review of the available techniques is given and the 
advantages and limitations of the chosen procedures are critically discussed. 
4.1. Experimental Materials 
4.1.1. Microcrystalline Cellulose 
Microcrystalline cellulose was used as supplied in the form of Avicel PH102, FMC 
Corp, Philadelphia, USA. The material has a mean particle size of 95.3+1.6pm 
averaged over three runs using a HORIBA LA-950 Wet ver 3.2 particle sizer, 
courtesy of Particle Technology Ltd, Derbyshire, UK. The samples were dispersed in 
deionised water and no wetting agent or surfactant was used. No ultrasonics were 
applied to try and provide the closest possible representation of the agglomerated dry 
powder properties. Preliminary runs of the sample initially after wetting and after a 
period of five minutes showed that no significant swelling of the particles occurred. 
MCC has a true density of 1577kg/m3 (obtained from the average of ten runs using 
an AccuPycnometer 1330, Micromeritics, Bedfordshire, UK). MCC is a largely 
ductile material and hence deforms in an extensively plastic manner under a 
compressive stress (Roberts and Rowe, 1987). 
4.1.2. Black Ferric Oxide 
To determine the plane of fracture of the bilayer tablets, and the extent of material 
transfer during fracture, ferric oxide (E. Merck, Poole, UK, batch no J160) was 
incorporated into the formulation of either the initial or final compaction layer of the 
bilayer compacts. This technique has been employed by previous authors who have 
adopted the assumption that no variation in compaction properties will occur 
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between the coloured and pure MCC samples (Eiliazadeh et al., 2004). Ferric oxide 
with a true density of 4930kgm3 (obtained from the average of ten runs using an 
AccuPycnometer 1330, Micromeritics, Bedfordshire, UK) was added to the MCC in 
a ratio of 1:99wt/wt respectively, corresponding to less than 1% ferric oxide by 
volume. The mixture was well mixed using a spatula and manual vibration. Ferric 
oxide has a mean particle size of 18µm obtained from HORIBA LA-950 Wet ver 3.2 
analysed by Particle Technology Ltd, Derbyshire, UK. 
4.2. Experimental Methods 
4.2.1. Compaction 
The material response of a loose powder assembly under an applied load has been 
discussed in detail within Chapter Two. Therefore, a critical review of compaction 
machines and methodologies is not presented here; rather an in-depth description of 
the chosen equipment and procedures is given. 
4.2.1.1. Punch and Die 
An unlubricated flat faced punch and die set was utilised for all compactions. The 
punch and die were manufactured from optically polished hardened stainless steel by 
Specac Ltd, Kent, UK. The surface roughness of the upper and lower punches was 
measured before any compaction commenced and again after the final compaction. 
The average surface roughness, Ra (described later) was recorded at 0.06pm for both 
measurements showing that no surface damage occurred during the entire 
compaction process. The diameter of the die was 20mm producing tablets of ca. 
20mm diameter compressed to a maximum stress of between 12.7MPa and 156MPa. 
The die was cleaned using a high pressure filtered air gun to remove any particulates 
from the punch and die surfaces after each compaction cycle. As only one excipient 
was studied there was no risk of cross contamination: hence the cleaning technique 
was considered sufficient. 
4.2.1.2. Material Tester 
The tablets were compacted using an EZ-50 Materials Testing Machine, as shown in 
Figure 4.1, which was manufactured by Lloyd Instruments Ltd., Hampshire, UK. 
The EZ-50 was a bench mounted, twin leadscrew machine which could apply 
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supplied with a cross-head guidance system to prevent side loading of the samples 
under compression. A high resolution location encoder enabled the establishment of 
the upper punch displacement measurements with an accuracy of 101.tm. A constant 
upper punch velocity of 831.tm/s was specified for all compactions and ejections with 
an accuracy of 1.6µm/s. The system was connected to a microprocessor system and 
operated from a multi-position control console. The software programme Nexygen 
(Lloyd Instruments, Hampshire, UK) was used for data collection via the integral 
RS232 interface. The compliance of the equipment was determined by compressing 
the empty punch and die system upto a maximum load of 50kN. Using a non-linear 
regression technique the data was fitted to a fifteenth order polynomial function, the 
parameters of which were determined by the lowest sum of squared (SSQ) absolute 
error, 0.0039. The displacement due to the machine compliance was then subtracted 
from the measured displacement obtained during the compaction of the powder to 
give the true and correct value for the displacement of the upper punch. 
Figure 4.1. Schematic Representation of the EZ-50 Materials Testing Machine 
4.2.1.3. Bottom Load Cell 
To determine the stress transmitted through the powder column a load cell was 
placed underneath the bottom punch. The load cell was Model 53, manufactured by 
RDP Electronics, West Midlands, UK. The transmitted signal was amplified using 
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an amplifier transducer model S7DC, RDP Electronics, West Midlands, UK and 
connected to a computer via an ADC computer board, Computer Boards, Inc, 
Mansfield, USA. The load cell was first calibrated by loading up to a maximum 
stress of 157MPa by direct contact with the upper load cell i.e. the punch and die set 
was not present. The recorded voltage, accurate to ±5mV, was then correlated to the 
applied stress by the following equation, with a regression coefficient of 0.999 
PB = 39.8V —7.03 	 [4.1] 
where PB is the stress at the bottom load cell and V is the output voltage from the 
bottom load cell. The punch and die set were then placed between the two load cells 
and the compaction was repeated. The presence of the punch and die had no effect 
on the recorded transmitted stress. 
4.2.1.4. Compaction Procedure 
The weight of the samples, measured to +0.11.1g, was varied to provide a constant 
aspect ratio of all for the tablets of 0.5 (final compact height of 10mm). For bilayer 
tablets the weight was adjusted to obtain two layers each with an approximate height 
of 5mm. The die was filled by slow pouring from a weight boat. Variability within 
the compaction process is likely to be caused by variations produced during die 
filling (see §2.2.1). Attempts to reduce this influence included initial manual 
vibration of the die and flattening with the upper punch before the compression 
process proceeded. The compaction occurred by applying a predetermined 
maximum load to the upper punch at a constant loading rate. The upper punch then 
retracted at the specified velocity until the measured load reached zero newtons. If a 
bilayer tablet was made the upper punch was then removed and the die was refilled 
to enable the second compaction. Once the full tablet was compacted the lower 
punch was removed and a force was reapplied to the upper punch to drive the tablet 
out of the die. The sequential stages of compaction can be seen in Figure 4.2. 
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Figu re 4.2. Schematic Diagram Showing the Stages of the Compaction Process. 
A - Die filling, B — Compression, C — Decompression, D- Lower punch removed, E — Ejection. 
Subscript 1 refers to second compaction during bilayer tablet manufacture. Arrows indicate 
the direction of movement. 
After ejection each tablet height was measured from an average of three 
measurements taken across the full diameter using a micrometer, accurate to one 
micron. The maximum diameter of each tablet, or subsequent compacted layer for 
bilayer tablets, was also recorded five minutes after ejection using the micrometer. 
The average density of the tablet could then be calculated from the measured mass of 
the sample and the recorded volume. The experiments were conducted in a 
laboratory where the ambient temperature ranged from 17.5 to 25.2°C with a relative 
humidity range of 31% to 48%. Variations within these two ranges is thought to 
produce negligible effects of the tabletting process (see §2.10). 
4.2.2. Fracture 
In order to categorise and quantify the strength of a bilayer pharmaceutical powder 
compact an appropriate fracture methodology must be utilised. Several methods of 
imposing a tensile or compressive stress have been developed with the aim of 
obtaining quantitative fracture mechanic parameters for pharmaceutical powders. 
Methodologies include the cantilever method (Raatikainen et al., 1997), three and 
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four point beam bending (York et al., 1990, Mashadi and Newton, 1987b, Roberts et 
al., 1995, Roberts et al., 1993, Raatikainen et al., 1997), radially edge-cracked discs 
(Kendall and Gregory, 1987, Roberts and Rowe, 1989), the diametral compression 
method (Olsson and Nystrom, 2001, Kachrimanis and Malamataris, 2005, Mashadi 
and Newton, 1987a, Malamataris and Rees, 1993, Wu et al., 2005, Mohammed et al., 
2005), shear (mode II) failure by beam loading (Podczeck, 2002), the double torsion 
method (Mashadi and Newton, 1988) and the friability analysis (Shepler and 
Whitney, 1978, Riippi et al., 1998, Schultz and Kleinebudde, 1994). These fracture 
methods, however, either require the production of specimens in unique geometries 
which are not found within conventional industrial processing, or do not result in an 
applied tensile stress acting in the axial plane of a cylindrical compact: a criteria 
essential for the catastrophic failure of the weakest radial plane. A different method 
of determining the tensile strength of pharmaceutical compacts was developed by 
Nystrom et al. (Nystrom et al., 1977). The axial tensile test method involves fixing a 
cylindrical compact between two adapters joined to a moveable load cell by wire. 
The tablet deforms when pulled apart until fracture, failing in the weakest plane 
normal to the vertical axis (Mattsson and Nystrom, 2000). During the process a 
tensile stress develops which is normal to axis of the tablet and hence has shown a 
good correlation with the observed capping tendency of different pharmaceutical 
materials (Nystrom et al., 1978). Karehill et al. (Karehill et al., 1990) utilised this 
method to fracture bilayer tablets when investigating the effects of surface area on 
bonding strength and later Olsson et al. (Olsson et al., 1998) and Mattsson and 
Nystrom (Mattsson and Nystrom, 2000) applied this methodology to help elucidate 
the bonding strength within bicomponent tablets. The later publications procedure 
was somewhat dubious however, as the initial layer of solely binder material was 
independently compacted meaning that other factors such as the surface topography, 
porosity and apparent density of the initial compaction at the interface may have 
affected the bonding between binder and the active particles, possibly confirmed by 
the authors reluctance to draw firm conclusions from this experiment alone. Both 
Karehill et al. (Karehill et al., 1990) and Mattsson and Nystrom (Mattsson and 
Nystrom, 2000) produced and tested bilayer tablets manufactured by the application 
of two subsequent loads. This implies that the axial tensile test method can be 
utilised on the tablets produced in this current study and has shown that under certain 
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conditions the derived tensile force may induce a fracture at the interface of 
separately compacted layers. To the authors' knowledge, however, no theoretical 
analysis of the mechanical response during loading has been undertaken to date. 
4.2.2.1. Axial Tensile Stress Methodology 
A modified uniaxial tensile tester was developed and constructed based on the 
original design by Nystrom et al. (Nystrom et al., 1977). These tests were performed 
on the EZ-50 testing machine (as previously described). As is shown in Figure 4.3a, 
the tablet was glued to two metal adapters using a cyanoacrylate adhesive (Cyanolit 
203, Eurobond Adhesives Ltd, Kent, UK) and left overnight to ensure a good 
adhesion. The lower adapter was connected to the base of the machine and the upper 
adapter was connected to an upper moveable load cell via a metal chain: used in an 
attempt to provide full triaxial movement to facilitate the tablet fracturing by an 
applied tensile stress normal to the radial plane (predominantly or nominally mode I 
failure). After positioning in the tensile tester a constant displacement of the upper 
adapter was employed (8.3.tm/s) and the resulting tensile force was recorded. The 
imposed displacement was continued until the tablet catastrophically fractured. To 
account for the compliance of the equipment the two metal adapters were adhered to 
each other with no tablet being present and a tensile stress was applied. The 
resultant force against displacement curve was subtracted from the sample data to 
ensure the true force against displacement relationship was analysed. During the 
experimental procedure some of the tablets (approximately one in four) fractured at 
the interface between the metal adapter and the tablet surface due to poor or uneven 
adhesion of the cyanoacrylate adhesive. These samples were discarded and repeated 
until the appropriate crack propagation was obtained. 
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Figure 4.3. Schematic Diagram of the Fracture of the Tablets Manufactured in 
the Current Work 
a) 	Schematic of axial tensile stress equipment, b) Notched tablet, where c is the crack 
length and b is the tablet diameter. Arrows indicate the direction of the applied force. 
Sample preparation of the single compacted tablets involved machining with a lathe 
a sharp 'v' shaped pre-notch, or length c, into the tablets at the mid point of the axial 
length, as shown in Figure 4.3b. A more detailed description of the notching 
procedure can be found in Appendix A. To determine the applicability of LEFM, 
(see §3.3) to MCC fracture crack lengths ranging from 0.25mm to 4mm (c/b<0.4) 
were introduced into the tablets and the measurements with each sample was 
repeated three times. The imposed crack length range was chosen to meet the 
criteria for plain strain conditions (Tada et al., 2000). The artificially machined 
crack exceeded multiple (three to forty) particle diameters so that during fracture an 
equilibrium stress condition may be readily achieved (Hancock et al., 2000). The 
sharpness of the crack is an important parameter during fracture but it could not be 
accurately specified in the current work. The fracture of bilayer tablets did not 
involve the inclusion of a pre-crack as the interfaces between the subsequent 
compaction layers were too weak to be machined. 
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4.2.3. Surface Characterisation 
The determination of surface characterisation parameters can be achieved with the 
utilisation of various measurement techniques, the correct choice of which will 
depend upon the topographic information required. Included in this following 
section is a brief review of the most appropriate metrological techniques and the 
details pertaining to the chosen procedures which include both qualitative and 
quantitative analytical methodologies. Qualitative verification of topographic 
methods can be achieved with techniques such as optical microscopy and scanning 
electrical microscopy (SEM) however, they are severely limited by their the inherent 
inability to produce quantitative comparable data (Seitavuopio et al., 2003). Stylus 
measurements are extremely popular for surface characterisation (Thomas, 1999) 
however they require contact between the machine and sample surface which may 
alter the topography of the sample during analysis (Tucker and Meyerhoff, 1969) 
and are limited by the geometry of the measuring tip: a distorted image may be 
produced due to the radius of the stylus tip being larger than the valleys present in 
the profile (Radhakrishnan, 1970). To overcome the problem of surface damage 
during topographic analysis non-contact optical measurements have been developed. 
There are many types of optical devices however this discussion will be limited to 
the group termed optical followers, which traverse the surface in a similar manner to 
mechanical stylus instruments. The resolution of optical followers is determined by 
the laser spot size (ca. lgrn) and the focal depth which are dependent parameters. 
Obtained topographies with optical followers have shown to be in good agreement 
with imaging techniques such as SEM, however particle boundaries within 
pharmaceutical compacts can be misinterpreted by optical topography due to the 
poor reflectance in these areas (Seitavuopio et al., 2003). Atomic force microscopy 
(AFM) is a technique where the atomic force between a cantilever tip and the surface 
of the sample is measured. The attraction of the materials at small distances creates 
a deflection of the cantilever which is measured using various techniques and related 
back to the height of the surface. AFM resolution can be as good as 1nm in the 
horizontal direction and ca. 0.1nm in the vertical direction (Seitavuopio et al., 2003). 
Due to the small dimensions involved however, AFM analysis is confined to 
relatively small sample areas with a slow analysis speed. Samples with a large 
curvature are also currently unsuitable for AFM measurements, as only flat samples 
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can be accurately measured (Seitavuopio et al., 2003). There are three types of 
deviation from a smooth flat surface that are commonly defined as roughness, 
waviness or form and curvature, as shown schematically in Figure 4.4. It is the 
length scale and the degree of importance of these three 'irregularities' to a smooth 
flat surface profile that determine the most appropriate measurement technique 
(Whitehouse, 1994). As AFM has an inherently high resolution the recorded 
asperities are thought to represent the true roughness, however form detail can be 
lost and may even prevent the application of the technique completely (Poon and 
Bhushan, 1995). Optical followers are considered to give a good representation of 
the form of a surface however due to sampling rates and the limitation of the 
reflectance of the asperities with steep surface slopes some intricate roughness detail 
may not be eluded (Seitavuopio et al., 2003). 
Figure 4.4. Schematic Diagram Showing Surface Topography Irregularities. 
Modified from (Whitehouse, 1994). 
The evolution of surface roughness characterisation has led to the development of 
numerous calculated parameters including Rt, Rtm, Rz, and Rp that are determined 
from line profiles of the surface. The full description of these parameters is not 
presented here but can be found in most surface characterisation literature 
(Whitehouse, 1994, Podczeck et al., 1999, Cwajna and Roskosz, 2001). These 
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parameters have been originally developed for characterising surfaces in the field of 
metallurgy and thus are designed to highlight defects caused during operations such 
as grinding, polishing and finishing etc: processes which result in regular asperities 
dissimilar to the surface topographic profiles created by the deformation of a 
consolidated particle mass. Thus the application of these values should be 
approached with caution. The parameters introduced above provide quantitative 
information about a small sample of the surface roughness however they do not 
alone provide suitable information regarding the average roughness of the complete 
analysis length: a more desirable characterising property for the analysis of porous 
particulate compacts. They are quite heavily influenced by the presence of a few 
irregularly large asperities and can often misrepresent the topography of a surface 
(Whitehouse, 1994). More commonly utilised parameters which provide a more 
reliable roughness value are Ra and Its (Poon and Bhushan, 1995, Seitavuopio et al., 
2003, Narayan and Hancock, 2003, Kocher et al., 2002). Ra is the average roughness 
value as is calculated from 
Ra 1 
= L 
—Jl zl dx 	 [4.4] 
0 
where L is the sample length and z is the vertical height at position x. Ra gives the 
mean departure from the reference line. Rs, the more statistical root mean squared 
roughness, is calculated from 
RS 	 z'clx 2 	 [4.5] 
L 
The determination of Ra and Rs requires the generation and use of a reference line 
from which the average deviation will be calculated. This can be achieved through 
the use of a 'best fit' least squares straight line which will be unique and free from 
subjective positioning (Whitehouse, 1994). The application of a 'best fit' straight 
line is only appropriate if there is no significant curvature present in the topographic 
profile. To account for the form in the surface profile a polynomial fit can be 
utilised instead (Whitehouse, 1994). Variability is often seen within comparable 
surface roughness data. Macdonald et al. (Macdonald et al., 2004), reported a 
variation of +300-1000% between measured parameters when seven samples were 
sent to three different laboratories. Various surface characterisation methodologies 
were utilised including AFM which generally produces lower roughness values than 
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optical techniques due to the smaller length scales involved (Cwajna and Roskosz, 
2001). The variability between the reported values of four different optical 
profilometry systems is more difficult to explain. As no standards were stipulated 
before analysis the range of results could be due to difference in sampling rate. A 
false waveform can be produced if the sample rate is too large, as shown 
schematically in Figure 4.5, which may result in incorrect roughness calculations due 
to the wrong reference line being selected (Whitehouse, 1994). 
Figure 4.5. Schematic Diagram Showing how Data can be Misinterpreted due to 
Incorrect Sampling Rates. 
Modified front (Whitehouse, 1994). 
The sample area size may also have affected the results. Larger sample lengths 
usually show an increased form which can result in an increase in the surface 
roughness (Poon and Bhushan, 1995). Although optical techniques have a poorer 
resolution and are therefore by definition are less accurate than AFM measurement 
values they are able to provide more information regarding the surface geometry and 
they provide acceptable roughness values for comparison and general ranking of 
surface topographies. As the form and roughness are both desired properties for 
analysis in this current work, and the size of the specimens was of the order of 
several mm, the laser profilometer was considered the most appropriate technique for 
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investigate the properties of compacted materials have involved the generation of 
both 2D and 3D profiles of surfaces to be analysed. 3D profiles are usually 
conducted over relatively small sample areas of a few mm2 (Seitavuopio et al., 2005) 
and for an isotropic Gaussian surface it has been shown that the root mean squared 
roughness value is the same for a 2D and a 3D profile (Poon and Bhushan, 1995). 
Generally for tablet analysis where the samples are relatively large and are 
considered isotropic a repeatable line profile provides an adequate analysis (Ozkan 
and Briscoe, 1996). 
4.2.3.1. Laser Profilometer 
The surface topography analysis was conducted using a laser Rodenstock laser stylus 
LS10 and a RM-600 control box, Rodenstock, UK, courtesy of Unilever, Liverpool, 
UK, with a laser spot diameter of approximately one micron. The machine detects 
the asperities on the surface of the sample by emitting a low powered near-infrared 
light at a wavelength of 750nm at the surface and detecting the reflected light from 
the sample using a collimating lens as shown in Figure 4.6. 
Figure 4.6. Schematic Diagram of the Utilised Laser Profilometer 
The range setting +401.tm, with a resolution of 20nm in the z direction (normal to the 
sample surface plane) was utilised for the smother samples. When the tablet 
roughness demanded, the range was increased to +400ttm which allowed a 
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resolution of 200nm to be obtained. The vertical position resolution was 0.5µm. 
The samples were mounted on a moveable stage, which traverses in the X-Y 
directions, powdered by two stepper motors set at a constant speed of 100µm/sec, 
accurate to 0.5µm. The number of steps, their direction and speed was controlled by 
the computer program, Winspi. The laser requires good reflective properties of the 
measured surface (specular reflectivity of >2% at a wavelength of 780nm). As 
microcrystalline is a white or off-white powder no coating was required to produce 
an adequate reflection of the laser. The laser is only able to accurately detect 
surfaces which have a slope of less than 12°. Although the samples to be analysed 
were likely to have slopes with a greater incline than 12° this was considered 
adequate for the current application. The profiles measured in this work are 2 
dimensional line profiles. The average surface roughness parameter, Ra, and the root 
mean squared roughness parameter, R„ were calculated from 
R
a 
 = l 
L 
 ily(x)lAx 	 [4.6] 
Rs = 	I 3/ 2 (x),Ax1
2 	
[4.7] 
respectively, where L is the measurement length, and y is the height of the surface at 
position x. 
4.2.3.2. Axial Profile Methodology 
Three pairs of line profiles were acquired for each axial surface at different points 
along the circumference of the tablet. The scanning distance was set at 10mm to 
profile the full height of the tablet. 2001 readings were taken for each line with a 
sampling distance of 51.1,m. The two scans were performed at each location 
approximately 0.5ttm apart. To account for the curvature in the axial topography, a 
fifth order polynomial fit was subtracted from the raw data to obtain a linear profile 
before the determination of the roughness parameters. Values for Ra and Rs were 
calculated every 5001.1m. The Ra and Its parameters reported are an arithmetic mean 
value of all the data obtained within each layer. 
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4.2.3.3. Radial Profile Methodology 
Four pairs of line profiles were obtained for each surface with the sample being 
rotated 45° between each pair. The scanning distance was set at 22mm to ensure the 
full diameter of the tablet was measured and readings were taken every 5.5tim. Two 
scans were performed at each rotation of the sample approximately 1pm apart. The 
data obtained along the fracture plane of the tablets was then transformed by 
subtracting the equation of a sixth order polynomial, determined using a least 
squares best fit method. The tablets are assumed to be asymmetric and therefore any 
line profile that passes through the centre of the fracture surface can be considered 
representative of any diameter specified: this results in a reduction in the large 
sampling time that would be incurred by measurement of the full area, 3.14x10 m2, 
and allows the analysis of the geometric form of the topographic profile. The 
surface roughness parameters Ra and R were calculated from data normalised about 
the average calculated every 495µm. The reported values are an arithmetic mean of 
all the obtained values from each surface. 
4.2.3.4. Scanning Electron Microscopy (SEM) 
To visually confirm the topographic profiles determined by the laser profilometer 
scanning electron microscopy images were obtained. The tablets of microcrystalline 
cellulose are not electrically conductive thus all samples were sputter coated with 
gold to a depth of approximately 8nm before analysis to prevent charging at a 
pressure of 1x10-'mbar and a current of 20mA. The machine model was a K575X, 
EM Technologies Ltd, Kent, UK. The samples were then earthed with a colloidal 
silver paint, Agar Scientific, Essex, UK. The analysis was conducted on a 
XL3OESEM-TMP, Philips tungsten machine, courtesy of MSD, Hoddesdon, UK, 
under a high vacuum (1.6x 104 mbar) mode. The machine was operated at either 
10kV or 5kV with a 60µA current. The magnification, spot size and working 
distance are displayed on the individual images. 
4.2.3.5. X-Ray Microanalysis (EDX) 
The elemental analysis using energy dispersive X-Ray microanalysis (EDX) of the 
samples was conducted on a JSM-840A, manufactured by JEOL Ltd, Hertfordshire, 
UK. The samples were carbon coated prior to analysis, using a carbon evaporator, 
90 
Cellulose Bilayer Tablet Interfaces 	 Experimental Materials and Methods 
K550, EM Technologies Ltd, Kent, UK, to a depth of ca. 100nm and an iron 
elemental dot map was obtained using 78 frames. 
4.2.4. Non-destructive Three Dimensional Imaging 
Various non-destructive techniques capable of creating three dimensional images of 
a sample are available including microwave imaging (Benedetti et al., 2004), nuclear 
magnetic resonance imaging (Nebgen et al., 1994), X-ray microtomography (Sinka 
et al., 2004) and acoustic imaging (Schmitz, 2002). Further discussion however has 
been limited to the two techniques nuclear magnetic resonance imaging and X-ray 
tomography as they have both been successfully utilised for the analysis of 
compacted pharmaceutical materials and thus were hoped to be directly applicable to 
the current work. 
4.2.4.1. Nuclear Magnetic Resonance Imaging 
Nuclear magnetic resonance imaging (NMRI) is an analytical technique where a 
magnetic field gradient is applied linearly across a sample. By neglecting chemical 
shift and restricting the space dependence of the magnetic field each point on the 
axis can be considered to have a different resonance frequency. The total signal 
intensity is therefore proportional to the number of nuclei within a given NMR 
frequency, and easy quantification of the measured parameters can be achieved 
without the need for a standard (Berendt et al., 2006). Integration provides a 2D 
projection which can be layered with projections at different angles to form 3D 
images of a sample. NMRI has been widely used to image fluid media and has been 
able to monitor the diffusion of water into a polymer matrix and drug dissolution 
(Melia, 1998, Holzgrabe, 1998, Tritt-Goc, 2002, Richardson, 2005). Nebgen et al. 
(Nebgen et al., 1994) have used NMRI to measure the density of intact tablets by 
filling the compact cavities with silicone oil and measuring the porosity. Various 
problems are associated with this indirect measurement technique though as the 
resolution of the initial experiment was relatively low at approximately 95µm for an 
edge length of the cube and the chosen fluid may not have penetrated all the pores or 
cracks within the compact and thus a false density reading may have been obtained. 
Direct sampling of solid states is obviously more desirable but also more complex 
than sampling solutions. The NMR spectra or line width obtained during the 
sampling of solids is more broad than liquids (Holzgrabe, 1998). This creates a 
91 
Cellulose Bilayer Tablet Interfaces 	 Experimental Materials and Methods 
problem with the spatial resolution (Blumich, 2000) due to the inverse proportional 
relationship of these two parameters. The main advantage of NMRI is the image 
contrast obtainable (Blumich, 2000). The contrast is not only a function of density 
but of numerous other parameters that give large amounts of information about 
chemical structure, orientation and other molecular characteristics (Berendt et al., 
2006, Kuhn et al., 1996). As the chemical structure and characteristics of the 
material MCC are well known, the inherent advantages of NMRI are severely 
limited for this work. The use of NMRI for pharmaceutical solid imaging may well 
become widespread in the future however initial investigations involving the solid 
state imaging of the bilayer tablets manufactured in this current study concluded that 
the application of the technique is limited by the inferior resolution, long analysis 
times, expense of operation, and technical expertise required for data interpretation. 
Thus the preliminary results obtained from experimental trials are not included in 
this Thesis. 
4.2.4.2. X-ray Imaging 
X-ray microtomography is an imaging technique based on the way X-rays attenuate 
through matter. Attenuation depends on the density and atomic number of the 
material being sampled and hence the transmitted X-ray intensity is theoretically 
proportional to the sample thickness (Van de Casteele, 2004). Tomography uses 
radiographic images taken from multiple angles, by sample rotation. Projections 
obtained during scanning are processed using a reconstruction computer algorithm to 
provide a three dimensional image: thus enabling the visualisation and quantification 
of internal structures. This technology has been used for multiple fields including 
fracture mechanics, material engineering, medicinal and pharmaceutical applications 
(Ferrie et al., 2005, Qian et al., 2005, Brydon et al., 2005, Sinka et al., 2004, Stadler 
et al., 2004). The use of X-ray tomography to determine density distributions in 
pharmaceutical compacts has only recently become viable due to evolutionary 
progress in the focus size of X-rays. The resolution of these instruments has 
increased from 1 mm in the early 1990's (Cazaux et al., 1994) up to approximately 5-
101.tm (Van de Casteele, 2004, Sasov, 2001). It should be noted however that for 
large objects the resolution is determined by the number of pixels in the camera and 
not the focus of the X-ray tubes. The major disadvantage of the system results from 
the appearance of artefacts such as pronounced edges and streak or circular effects. 
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The most common source of these visual distortions is beam hardening (Van de 
Casteele, 2004, De Man et al., 2001, Young et al., 1983, Herman, 1979, Brooks and 
Di Chiro, 1976, Hammersberg and Mangard, 1998, Jennings, 1988, Stadler et al., 
2004, Van de Casteele et al., 2002, Van de Casteele et al., 2004). A direct result of 
having polychromatic X-ray tubes is that the X-rays emitted will contain a spectrum 
of different energies. As the X-rays traverse through the sample the lower energy 
rays will be preferentially absorbed. The higher energy X-rays pass straight through 
the sample consequently the beam becomes 'harder'. As harder beams are less likely 
to attenuate the total recorded attenuation, given by the logarithm of the ratio of the 
incoming and the attenuated X-ray beam is not strictly proportional to the sample 
thickness and hence false density gradients can be observed. The quantification of 
results therefore, becomes difficult as calibration is required to become more 
complicated (Zatz and Alvarez, 1977). The effect of beam hardening however can 
be reduced with the application of hardware filters (Jennings, 1988) and various 
software algorithms (Brooks and Di Chiro, 1976, Herman, 1979, Hammersberg and 
Mangard, 1998, Sinka et al., 2004). X-ray microtomography has already been 
successfully utilised for the imaging of MCC compacts (Sinka et al., 2004) and 
competent filters and algorithms are already developed to reduce the artefacts which 
appear on the final reconstructed image. Thus with consideration of the discussed 
limitations X-ray microtomography was considered the most appropriate technique 
for the current study. 
4.2.4.3. X-Ray Microtomography Procedure 
The three-dimensional analysis of the tablets was conducted on a bench mounted 
Skyscan 1074 portable micro-CT scanner V2.1, Skysacn n.v., Belgium. The X-ray 
detector consisted of a 768x576 pixels 8-bit X-ray camera in on-chip integration 
mode with lens coupling to scintillator, with 256 grey levels. The X-ray source 
operated at a maximum of 40kV and 100011A with 100% gain. Reconstruction was 
achieved using an off-line serial filtered back-projection algorithm utilising a 
supplied software package Skyscan1074, Skyscan n.v., Belgium. The reconstruction 
image size was 512x736 pixels, with a pixel size of 20.9m. Due to the size 
constraints of the analyser a wedge specimen was machined out of the bi-layered 
tablet for analysis. This procedure however, meant that some samples could not be 
analysed due to the inherently weak interfacial zone being unable to withstand the 
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machining process. The reconstructed cross sections, reported in this work, were 
taken from the centre of the wedge to remove the unreliable influence of the 
machined edges. A schematic diagram showing the analysis of a tablet wedge is 
shown in Figure 4.7. As a result of beam hardening the reconstructed image usually 
displays some visual distortions: pronounced edges and streak or circular effects. To 
remove the pronounced edges the tablet slice was encased within loose powder of 
MCC. 
Figure 4.7. Schematic Diagram Showing the X-Ray Microtomography Analysis 
of a Tablet Wedge. 
4.3. Concluding Remarks 
The experimental materials have been fully described and the appropriate 
experimental methods have been reviewed and detailed. Although, at present, the 
implemented experimental techniques are the most appropriate for the current study 
they obviously have associated unavoidable limitations. The results presented in the 
subsequent Chapters have therefore been discussed with consideration to the inherent 
disadvantages present within the chosen methodologies. 
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Chapter Five 
Results and Discussion One 
The Axial Tensile Fracture of Microcrystalline 
Cellulose Compacts 
This Chapter seeks to provide a rigorous and comprehensive analysis of the material 
response of compacted microcrystalline cellulose tablets to an applied tensile load 
and their subsequent fracture. The application of the generally applied linear elastic 
fracture mechanic (LEFA/P parameters (see §3.3) utilised to describe the failure 
behaviour of these porous systems has been discussed. It has been found that the 
application of an Irwin Type extension (see §3.4.1), to account for the presence of a 
non-elastic process zone at the crack tip, may usefully be included into the LEFM 
parameter calculations. The advantages of the modification are discussed and 
possible explanations for the material behaviour are presented. The calculated 
critical stress intensity values (see §3.3.3) found in this work have been compared to 
published values available in the literature and the adapted tensile stress 
methodology has proven to be adequate for the description of the fracture of the 
more complex bilayer tablet formulations. The application of the axial tensile stress 
procedure to bilayered tablets manufactured at varying compaction conditions has 
elucidated the governing parameters which determine the bilayer tablet strength, 
and which will be discussed in more depth in the subsequent chapters. Finally, the 
location of the crack propagation path has been identified as almost entirely at the 
manufactured interface between the two adjacent layers, confirming the boundary 
layer to be the weakest plane. 
5.1. Introduction 
The axial tensile fracture procedure for microcrystalline cellulose, MCC, tablets 
implemented in this work, and described in detail in §4.2.2, was first developed by 
Nystrom et al. (Nystrom et al., 1977). The proposed methodology develops an axial 
tensile stress orthogonal to the original radial plane within a compact and therefore 
should provide a simple quantitative technique for the determination of the 
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interfacial strength of complex formulations such as bilayered and multilayered 
pharmaceutical compacts. However, a detailed investigation into the methodology, 
utilising the commonly applied fracture mechanics principles, has not been 
undertaken to date. Previous utilisations of fracture mechanic techniques with 
pharmaceutical compact specimens have attempted to determine the definitive 
mechanical properties of the materials through the application of linear elastic 
fracture mechanic (LEFM) principles. The applicability of LEFM principles to a 
compact made from the consolidation of MCC particles has been discussed in §3.8 
and it has been postulated that the predilection of the material to deform in a 
predominantly plastic manner, see §2.9, will result in MCC not displaying an 
entirely elastic response around the crack tip which is dictated by the traditional 
simple LEFM Theory. To account for this observation a more rigorous fracture 
mechanic analysis has been undertaken with MCC compacts manufactured from a 
single compaction cycle. Once the mechanical response of MCC compacts under an 
applied tensile stress was determined the methodology was then applied to the more 
complex problem of the fracture of bilayered tablets. 
5.2. Fracture of Compacts Manufactured from a Single 
Compaction Cycle 
A typical reaction force against imposed displacement curve is shown in Fig. 5.1. 
The initial non-linearity, up to ca. 0.2mm, can be ignored as it is due to the alignment 
of the metal chain between the adapters and the load cell. It can be seen that the 
material displays a linear increase in the measured force with respect to a constant 
increase in the imposed displacement. All the tablets displayed unstable brittle crack 
propagation: once the critical fracture force or energy was reached, the crack 
propagated instantaneously resulting in the rapid catastrophic failure of the tablets. 
An infinitely sharp crack can only be achieved via initial loading of the sample to 
form a 'pre-crack' prior to final failure. This has been achieved by other authors by 
loading the sample until a small crack appeared and then arresting the crack 
propagation by the removal of the tensile load (Mashadi and Newton, 1988, Roberts 
and Rowe, 1989). The crack length can then be determined and used in the 
calculations of the various characterising fracture mechanic parameters. As this is 
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unachievable with materials that fail by unstable brittle fracture the introduced sharp 
`V' shaped notch, see §4.2.2.1, appears to provide the most appropriate alternative. 
Figure. 5.1. Typical Force Displacement Curve Obtained During the Fracture 
of the MCC Compacts. 
The figure shows the linear unstable brittle fracture (tablet compressed to 156MPa, crack 
length 0.25mm). 
5.2.1. The Calculated Fracture Mechanics Parameters 
The mode I, see §3.3.4, critical stress intensity factor Kic for all the tablets tested was 
calculated using Equations [5.1] and [5.2] (Tada et al., 2000). These equations have 
been initially developed for continuous media subjected to a tensile stress using the 
same geometric specification applied in this work. The fundamental derivation 
however, should also be applicable to porous media. 
KID = 5VIricF{—cb} 	 [5.1] 
2 
FIC1_ 1  
b 	3 
{1'122-1.302E- + 0.988(1 —0.308(13} 	 [5.2] t 
—b1 12  
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where a is the applied stress at fracture, c is the corresponding crack length and b is 
the radius of the tablet (as is shown in Figure 4.3.). The measured critical energy 
release rate, Gcm, (Equation [5.3]) was calculated using the fracture energy (the area 
under the load displacement curve) obtained during loading and was compared to the 
calculated value, Gcc, (Equation [5.4]) obtained from the relationship with Kic for 
plane strain conditions. 
G = 	 [5.3] 
cm 	7r 
OF  
(b — c)2 
K 12c(1— v 2 ) 
Gcc = E 
where OF is the fracture energy, b is the tablet radius, c is the crack length, v is the 
Poisson's ratio and E is the Young's modulus. The values of both the Young's 
modulus (E) and Poisson's ratio (v) vary with the porosity and were obtained using 
the simplified assumption of linearity and isotropy (Sinka et al., 2003) which is in 
good agreement with other literature (Hancock et al., 2000, Michrafy et al., 2004). 
5.2.2. LEFM Application 
Initial plots of the calculated Kic values as a function of the ratio of crack length to 
tablet diameter c/b clearly showed some variation of the measured fracture mechanic 
parameter with the imposed crack length: a result which is in contradiction with 
traditional LEFM theory. Figure 5.2 illustrates this phenomenon by showing a 
logarithmic fit of the data for MCC samples with a porosity of 0.21. The 
correlations for the samples obtained at the other porosities studied can be found in 
Appendix B. A simple analysis of variance was carried out on the repeated estimates 
of the Kic values for each value of c/b obtained in this work. The commonly quoted 
`F ratios' and probabilities of the determined result given the null hypothesis (that a 
variation in the crack length does not influence the estimated Kic value) for each data 
set is given in 
Table 5.1. It can be seen for all sets of data, with the exception of one with a 
maximum compaction stress of 28.6MPa, show that there is a statistically significant 
variation in the calculated Kic value with c/b, thus implying that there is a presence 
of a process zone ahead of the crack tip and therefore a deviation from the 
assumptions utilised in the LEFM derivation. 
[5.4] 
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Ultimate Compaction Stress 
(MPa) 
F Ratio 
Probability of Result Given Null 
Hypothesis 
12.7 5.32 0.003 
28.6 0.78 0.613 
39.8 3.12 0.028 
50.9 6.16 0.001 
79.6 4.54 0.006 
95.5 5.10 0.003 
127.3 17.78 0.000 
156.0 5.17 0.003 
Table 5.1. Analysis of Variance for the Kw Estimates with Varying c/b Values. 
The F Ratio is the test statistic used to decide whether the sample means are within sampling 
variability of each other. It is the ratio of the Model Mean Square to the Error Mean Square. 
A similar trend was observed for the values of the measured critical energy release 
rate, Gcm and the calculated energy release rate, Gcc. The application of fracture 
mechanics has always been plagued with the problem of random inconsistencies due 
to the presence of variable internal flaws present along the crack propagation path 
which is accentuated by the application to these porous systems, see §3.7.1. This 
result is no different with the average Kic values having relatively large associated 
inconsistencies. With the inherent problem of variation of tablet strength within the 
data sets, as a result of the variation of flow dimensions and strength, it is relatively 
surprising that the following reported correlations could be achieved. Following the 
iteration procedure on the Kw values introduced by Adams et al. (Adams et al., 
1989), described later, an 'Irwin Type' (Irwin, 1961) notional crack length, see 
§3.4.1., was introduced into all the sets of tablets to account for the apparent non-
linearity in the plots of the measured Kw value as a function of the inverse of the 
apparent crack length data. The iterative procedure can be conducted on either the 
Kic values or the Gcc values, however the former is more sensitive (Adams et al., 
1989). 
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Figure 5.2. The Non-Linear Plot of Kic against c/b for Microcrystalline 
Cellulose. 
Samples with a porosity of 0.21. The error bars represent one standard deviation. Data fitted 
to a log curve. 
In the first stage of the iteration a curve of (aY)2 as a function of 1/c was plotted, 
where a is the applied fracture stress, c is the crack length and Y is the product of 
jz- and F{ —c }, see Equations [5.1] and [5.2]. The initial slope of this curve was 
b 
then used to determine the first approximation of IQ, termed Ke), from Equation 
[5.1]. The value Ke) was then substituted back into Equation [5.1] andF{ - 
b
c-} was 
assumed equal to 1.122 (the value for a surface crack in an infinite geometry), and 
the value of a was taken as the imposed failure stress of an unnotched tablet. This 
results in a first estimation of the value Ac, which is considered to be the length of 
the process zone. This first estimated value was termed Ac". In the second stage of 
the iteration the value of the crack length c(i), as shown in Equation [5.5] was utilised 
{c(" to plot (crY)2 as a function of 1/c(1), where Y was a function of F —} 
b 
c(') = c + Ac (°) [5.5] 
100 
Cellulose Bilayer Tablet Interfaces 	 Results and Discussion One 
{c("  can then be substituted into Equation [5.1], where Y is a function of F 
b 
 and the 
fracture stress of an unnotched specimen was utilised to obtain a second estimation 
of the value Ac, termed Ac(1). This secondary process was repeated until Kc(11+1) was 
equal to Kc(n). For this work between four and eight iterations were required to 
satisfy the final criteria. The final value of KID was obtained from the gradient of the 
linear best fit of the data after the final iteration, taken once the effective crack length 
remains constant. Figure 5.3 shows the plot of the first and final iterations for the 
data set with a maximum final compaction stress of 95.5MPa and a porosity of 0.26. 
A summary of the results computated after n iterations for all porosities studied is 
shown in Table 5.2. It can be seen that the measured values of Gc are consistently 
higher than the calculated values, especially for the more porous and weaker tablets. 
The experimental variation involved with these samples is relatively large due to the 
previously discussed intrinsic nature of the fracture and the inherent random flaws 
that are naturally present in such porous systems. This makes the precise 
measurement of low fracture energy values problematic. The data set compacted to 
79.6MPa produced unexpectedly high values of both Kic(n) and Gc(n). The reason for 
this apparent anomaly at a maximum stress of 79.6MPa is at present unknown 
however, during the manufacture and fracture of this particular data set the 
uncontrollable temperature rose from the ambient temperature range of 23°C - 25°C 
to 31°C -32°C. The thermal increase will facilitate the deformation of MCC by 
plastic flow thus increasing the amount of irreversible compaction energy supplied to 
the system, albeit not to the extreme reported here. As a consequence the derived 
effective crack length may also have been slightly over estimated meaning these 
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Figure 5.3. Iteration Results Showing Increasing Linearity. 
Data shown: MCC compacts with a final compaction stress of 95.5MPa and a porosity of 0.26. 
Plot of [crY]2 as a function of 1/c(°) (•), 1/c") (o) and 1/0') (A). 
Compaction 















12.7 0.53 670 0.05 0.010 2.41 2.41 0.25 0.50 
28.6 0.43 883 0.08 0.026 4.21 4.86 0.79 0.52 
39.8 0.38 1240 0.10 0.032 3.28 4.02 0.80 0.52 
50.9 0.34 1702 0.12 0.041 3.42 3.91 0.96 0.57 
79.6 0.26 2730 0.16 0.096 12.06 14.36 3.29 0.61 
95.5 0.26 2784 0.16 0.096 4.99 5.93 3.21 0.75 
127.3 0.21 3653 0.18 0.121 9.07 12.50 3.89 1.10 
156.0 0.19 4054 0.2 0.178 6.51 8.38 7.48 0.94 
Table 5.2. Fracture Mechanic Parameters for MCC. 
Data given is after the application of the iteration procedure. E is the Young's Modulus, v is the 
Poisson's ratio, Kw is the critical stress intensity factor, Gcm is the measured critical energy 
release rate, Gcc is the calculated critical energy release rate and Ac is the length of the process 
zone. 
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It appears that the use of an effective crack length concept and value in the Kw 
calculations justify the application of the modified LEFM procedure. The physical 
meaning of the additional crack length or process zone, Ac, is still a matter of some 
conjecture and is clearly dependant upon the material properties of the sample. 
Common investigations into fracture characterisation involve the positioning of 
optical sensors to monitor the crack propagation. In this case, however, the 
geometry of the specimen and speed of the crack propagation makes direct 
observation impractical. Polymer materials often display a process zone around the 
crack tip during fracture where ductile yielding or crazing occurs, see §3.7.2. This 
causes a rise in the fracture force due to the increase in the energy required to cause 
local complex deformation of the material before failure. This interpretation of Ac 
could be applied to MCC as the material deforms rather plastically under an applied 
stress. A process zone size of 9.4pm was reported for a glass particle (mean particle 
diameter 11µm) reinforced epoxy resin (Tjernlund et al., 2006). This value can be 
considered ca. nine to ten times the average distance between cross-linked polymer 
chains, estimated at 1µm (Tjernlund et al., 2006). The estimated value of Ac 
reported in this work ranges from five to ten times the particle size as the compaction 
stress is varied. Concrete and rock are quasibrittle materials that derive their 
toughness from a subcritical crack growth that precedes catastrophic failure 
(Anderson, 2005). Process zone lengths for concrete have been reported using non-
linear fracture mechanics to be up to twice the original imposed crack length (Zhang 
and Wu, 1999). This explanation for the effective crack length is inadequate for the 
results obtained in this work however, due to the nonlinearities which would have 
been observed while the samples were under tensile stress. Process zones found in 
the fracture of ceramic materials are often the result of microcracking or crack 
branching: tiny cracks are formed within the bulk material ahead of the crack tip 
which dissipates strain energy from the sample improving its toughness, see §3.7.3. 
Microcracking has been observed with fine grain samples where an increase in 
fracture energy is required to create multiple new surfaces. Crack branching can be 
on a multi-grain scale and therefore may represent true changes in fracture area (Wu, 
1978). Microcracking within sintered ceramics is attributed to uneven stress 
distributions which arise during thermal expansion. This could be considered akin to 
the uneven internal stress distributions that are created by the imposed pressure 
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patterns created during compaction of MCC: often observed indirectly as an 
inhomogeneous density distribution (Train, 1957), see §2.6. Microcracking has been 
seen in many different materials including during the fracture of cortical bone where 
a process zone size of ca. 3mm was reported (Cox and Yang, 2007). Therefore the 
values for Ac found in this work (0.5mm to 1.1mm) appear to be of a reasonable 
order of magnitude relative to the particle morphology. There is also a strong 
dependency of the value of Ac on the porosity, as is shown in Figure 5.4, and 
discussed later. The dependence of Ac on the extent of the porosity was however not 
seen by Adams et al. (Adams et al., 1989) who fractured porous samples composed 
of a mixture of coarse sand particles and a polymeric binder polyvinylpyrrolidone 
(PVP) using a three point bending technique. This effect could have been obscured 
within the seven sets of data reported by Adams et al. (Adams et al., 1989) as there 
were only small variations in porosity and other parameters such as the concentration 
of PVP and particle size of the sand grains were continuously altered making any 
direct correlation between effective crack length and porosity difficult to resolve. 
Examination of the two data sets where only the porosity is varied (A and B) shows 
the same increase in effective crack length with a decrease in the porosity as was 
found in the current work. The observed porosity dependence implies that the 
variation in Ac is a direct result of the intrinsic properties of the tablet which forms 
during the compaction procedure. It can be seen in Figure 5.4 that there are two 
distinct linear correlation regions. For porosities above ca. 0.28 the gradient of the 
correlation is relatively shallow. Once the porosity reaches ca 0.28 the correlation 
gradient sharply increases. From Table 5.2 it can be seen that the applied stress 
required to reach this critical porosity value corresponds to approximately 75MPa. 
This maximum stress value is of the same magnitude of that highlighted by Sixsmith 
(Sixsmith, 1977) who determined that the individual particle structure within 
compacts becomes lost due to particle deformation 'smoothing' the surface at 
applied stresses of approximately 88MPa or greater. This infers that the mechanical 
response of the compact becomes more akin to a solid body than a particulate 
structure at porosities lower than 0.28. It is therefore postulated that the yielding due 
to plastic deformation at the crack tip becomes more pronounced at the lower 
porosities where the individual particles have experienced more deformation by 
plastic flow. 
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Figure 5.4. The Two Phase Relationship Between the Process Zone Length, Ac 
and the Compact Porosity. 
The gradient change at ca. 0.28 corresponds to a compaction stress of ca. 75MPa, where the 
structure of individual MCC particles becomes less clear due to increased deformation by 
plastic flow. 
5.2.3. Fracture Methodology Comparison 
The critical stress intensity factor at zero porosity, Kico, obtained by the extrapolation 
of the measured relationship between the Kic value and the porosity is commonly 
used to compare fracture data, methodologies and materials. 	Various 
interrelationships have been postulated to describe the dependence of the mechanical 
properties of materials with porosity and a detailed review can be found elsewhere 
(Phani and Niyogi, 1987). The Spriggs (Spriggs, 1961) exponential relationship was 
chosen for this work as the trend clearly follows a curve and an exponential has been 
used by various authors to determine the critical stress intensity value at zero 
porosity using other mechanical techniques (Roberts and Rowe, 1989, Roberts et al., 
1993, York et al., 1990, Mashadi and Newton, 1987, Mashadi and Newton, 1988). 
The exponential equation has the following form: 
K1c = K1c0 exp(—AP) 	 [5.6] 
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where A is a dimensionless constant, found to be 8.05 and P is the porosity of the 
compacted tablet. The correlation shown in Figure 5.5 had an R2 value of 0.99. 
Figure 5.5. Curve of Kic as a Function of Porosity for Notched Samples of 
Microcrystalline Cellulose Manufactured with a Single Compaction Cycle. 
The Kico value of 0.72 MPa.m°3 is obtained by extrapolation, to zero porosity, of the fitted 
exponential line (R2 value of 0.99). 
The Kico value of 0.72MPa.mm obtained in this work has been compared to other 
published values from literature. It can be seen from Table 5.3 that there is a wide 
variation in the reported values. The most obvious distinction for the range of Kico 
values reported is the grade of Avicel and hence, in part, the mean particle size of the 
MCC investigated. It has been shown that as the initial particle size of the 
compacted powder decreases the Kico value of the compact increases due to a 
decrease in the internal voidage of the compact and also an increase in the number of 
contact points available for bonding (York et al., 1990). Avicel PH101 has a smaller 
mean particle size than Avicel PH102 and thus, according to current wisdom, should 
have a higher Kico value. In practice however, a large range of Kico values has been 
reported for Avicel PH101 and explanations for the discrepancies between these 
values have included many variables. Hancock et al (Hancock et al., 2000) derived a 
series of values of Kico by varying the humidity of the samples. The value discussed 
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here was determined at the RH most consistent with this work. The low value of 
Kw° found by Hancock et al (Hancock et al., 2000) was probably due to the sample 
specimens being relatively small, -20mg, meaning any small error in alignment of 
the testing apparatus could result in uneven and variable imposed stress distributions. 
The beam and crack dimensions were approaching the size of the micro-structural 
features of the sample thus by their own admission the compacts tested were around 
the lower limit for the geometric dimensions applicable for fracture mechanic 
experiments. The Kico values reported by Mashadi and Newton (Mashadi and 
Newton, 1987, Mashadi and Newton, 1988) were obtained by fitting their data to a 
linear relationship. This has since been deemed inappropriate as the observed 
relationship between the variables Kico and porosity is clearly non-linear (Roberts et 
al., 1993). This means that extrapolation to the zero porosity would have resulted in 
an underestimation of the Kw° value. Inaccurate measurement of notch lengths 
could result in either underestimated and overestimated values of K1c being reported. 
With MCC tablets being inherently porous the crack tip could actually be positioned 
at internal void spaces making identification of the actual length impractical (Roberts 
and Rowe, 1989). Any increase in the loading rates of the samples may also affect 
the recorded sample toughness (York et al., 1990). At higher loading rates the value 
of Kic would expect to increase (Roberts and Rowe, 1989) due to viscoelastic 
effects. It has, however, been reported that for a 3000 fold increase in loading rate 
the Kic value of sodium chloride only increased from 0.18MPa.m" to 0.22MPa.m" 
(Roberts et al., 1989). Although a slightly more brittle material than MCC this result 
seems to suggest that the loading rate only has a relatively limited effect on fracture 
toughness compared to other variables. The sharpness of the pre-notch or crack may 
have a significant effect upon the measured value of Kic. Stressing of a blunt notch 
(such as a straight or sawn notch used by York et al. and Roberts et al. (York et al., 
1990, Roberts et al., 1993)) may cause a precrack to form before rapid fracture 
meaning an underestimation of the crack length could occur resulting in an 
underestimation of the Klco value (Munz, 1983). The variation in the reported Kic 
values with the crack length found in this work has also been reported by York 
(York et al., 1990). A range in K1c values of 0.42MPa.m" to 0.51MPa.m" was 
seen when the crack length was varied between 0.5mm and 1.5mm. Roberts and 
Rowe (Roberts and Rowe, 1989) observed a range of Kic  values between 
0.66MPa.m" and 2.38MPa m" during investigations using a radial edge cracked 
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disk loaded in compression with cracks in the range of 2.75mm to 9.55mm. Instead 
of introducing an Irwin Type modification as used in this work to account for the 
non-linear LEFM behaviour shown by the material at the crack tip this effect was 
just commented to be the inevitable result of MCC displaying a rising crack growth 
resistance curve, see §3.3.2. Application of an effective crack length should account 
for discrepancies in the notch geometry and sharpness as any energy required to 
form a pre-crack will be accounted for within the process zone at the crack tip. It 
would be interesting to apply the iteration procedure used in this work to the data 
reported in literature to see if more consistency in Kico values would be obtained 
however due to the Kico value being an extrapolated parameter, variation in the 
reported data is still likely. Taking into account the large variations in the reported 
Kico values for MCC the tensile stress method proposed in this work has provided a 
more than adequate technique for the assessment of certain fracture parameters. The 
methodology has thus been applied to bilayer tablets to provide a quantitative 
method to determine interfacial toughness. 
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Radially edge cracked 
disc (compression) 
Pre-crack 2.98 PH101 
(Roberts and 
Rowe, 1989) 
Radially edge cracked 
disc (tension) 
Pre-crack 2.24 PH101 
(Roberts and 
Rowe, 1989) 
Double torsion Pre-crack 1.81 PH101 
(Mashadi and 
Newton, 1988) 
Four-point beam bending V 1.21 PH101 
(Mashadi and 
Newton, 1987) 
Four-point beam bending Straight 0.87 PH101 (York et al., 1990) 
Four-point beam bending Straight 0.76 PH102 (York et al., 1990) 
Three-point beam bending Razor 0.76 PH101 
(Roberts et al., 
1993) 
Axial tensile test V 0.72 PH102 Current Work 
Three-point beam bending sawn 0.69 PH101 
(Roberts et al., 
1993) 
Three-point beam bending V 0.46 PH101 
(Hancock et al., 
2000) 
Table 5.3. Reported Values of the Extrapolated Critical Stress Intensity Factor 
at Zero Porosity (Kmo) for MCC. 
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5.3. Tensile Fracture of Bilayered Tablets 
The average tensile fracture force of bilayer tablets, compacted to varying maximum 
initial and final compaction stresses, is displayed in Figure 5.6. The standard 
deviation, obtained from the five repeated samples, ranged from 30-40% with the 
lower deviations corresponding to the compacts with a relatively high ultimate 
compaction stress. Therefore the particles within these compacts will have deformed 
extensively in a predominantly plastic manner to a greater extent than the particles 
within compacts subjected to the relatively low applied compaction forces. High 
standard deviations are a common occurrence with the quantitative fracture of 
porous bodies due to the inherent internal flaws and discontinuities which are present 
(York et al., 1990). The clear trends that can be observed are therefore quite 
extraordinary especially given the lack of a manually introduced notch or flaw, see 
§4.2.2. It can be seen that for all sets of data the bilayer interface strength increases 
with an increase in the final compaction stress. Microcrystalline cellulose, MCC, 
deforms in a predominantly plastic nature under an applied compaction force (David 
and Augsburger, 1977), which is a direct result of the presence of slip planes, 
dislocations and the small size of the individual microcrystals (Bolhuis and 
Chowhan, 1996). Under an increasing compaction stress the particle deformation 
increases the intimate contact area between adjacent particles at the interface 
between the two subsequent compaction layers and hence a decrease in the internal 
porosity occurs coupled with an increased opportunity to form a larger number of 
strength enhancing hydrogen bonds (Pesonen et al., 1989). This result is consistent 
with other authors who have found an increase in the tensile strength of MCC 
compacts with a decrease in the porosity (Wu et al., 2005, Roberts et al., 1995, 
Mashadi and Newton, 1987). The decrease in the interfacial fracture strength 
between compaction layers with the increase in the applied initial compaction stress, 
however, suggests that the degree of plastic deformation within the initial layer 
material during compaction is either detrimental to the interfacial strength or not the 
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Figure 5.6. The Fracture Force of Bilayer Tablets Compacted to Varying 
Ultimate Initial Layer and Final Layer Compaction Stresses 
5.3.1. Effect of the Inclusion of Black Ferric Oxide 
To enable the visualisation of the particulate movement during the compaction 
cycles and subsequent fracture, tablets consisting of a powder mixture containing 
99% MCC and 1% ferric oxide, see §4.1.2, by weight were manufactured. To 
ensure that the cohesion of the particles, or at least their mechanical response to an 
applied tensile load, would not be affected by the addition of the ferric oxide 
particles the previously described axial tensile stress fracture method was conducted 
using five compacts of pure MCC and five of MCC/ferric oxide, compressed to the 
same final porosity using a single compaction cycle. A 2mm deep 'V' notch was 
lathed into the ejected compacts with the notch tip positioned at the mid point of the 
vertical axis. The tablets were then fractured using the previously described tensile 
stress method, see §4.2.2 and the fracture force was recorded, as shown in Table 5.4. 
The samples all behaved in a similar manner, showing a linear variation in applied 
load with the imposed displacement and failing in an instantaneous brittle manner. 
A statistical unpaired t-test analysis was performed on the maximum recorded tensile 
force data which resulted in a two tailed P value of 0.3393. Conventional criteria 
dictate that the difference in the average fracture force values between the pure MCC 
compacts and the compacts manufactured with the addition of ferric oxide is not 
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statistically significant. This indicates that the addition of the ferric oxide particles 
to the loose particulate assembly results in no significant difference to the 
mechanical response of the consolidated tablet during fracture. This result verifies 








Pure MCC 0.812 0.36 0.039 
MCC / Black 
FeO 
0.826 0.38 0.040 
Table 5.4. Comparison of the Fracture Force Obtained for Compacts 
Manufactured from Pure MCC and Compacts Manufactured from 99% MCC - 
1% Ferric Oxide by Weight. 
5.3.2. Fracture Plane Determination 
In order to determine the location of the crack propagation path that occurs during 
the tensile loading of the bilayer assemblies, bilayer tablets were manufactured 
containing one layer of pure MCC and the other layer consisting of the ferric oxide 
mixture. The ferric oxide layer was alternately positioned in the initial and final 
layer. The fracture surfaces of the bilayer tablets of the pure MCC layers were 
analysed using energy dispersive X-Ray microanalysis (EDX) to determine the 
presence of iron on the surface. This was conducted to conclusively determine that 
the catastrophic failure plane was indeed the interfacial boundary between the two 
adjacent layers and to gain an initial insight into the extent of particulate movement 
across the interface from one adjacent layer to another during the compaction and 
fracture process. An example elemental map, which is representative of all the 
analysed surfaces, can be seen in Figure 5.7. It confirms the presence of iron on both 
the initial layer and final layer fracture surfaces indicating that the fracture has not 
occurred within the bulk of either layer but at the interface between the two layers. 
Although only a basic assessment, from the quantitative analysis of the grey scale 
images shown in Table 5.5 it can be seen that the percentage area corresponding to 
the transferred particles is very low on both surfaces and thus the fracture surfaces 
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are almost perfectly intact interfacial surfaces obtained during the double compaction 
process. 
Figure 5.7. Example Iron Element Maps of Fracture Surfaces of the MCC 
Layer of Bilayer Tablets. 
The tablets consisted of one layer containing 100%MCC and the other layer containing 1% 
ferric oxide and 99% MCC by weight. The presence of white corresponds to the presence of 
iron. A — the lower (interfacial) surface of the final layer, B — the upper (interfacial) surface of 
the initial layer. The initial compaction pressure was 50.1MPa, the final compaction pressure 
was 156MPa. 
Fracture Surface % Area corresponding to the presence of iron 
Upper surface (Final Layer) 0.14 
Lower Surface (Initial Layer) 1.19 
Table 5.5. The Percentage Area of the Upper and Lower Fracture Surfaces of 
Bilayered Tablets Containing Ferric Oxide. 
The initial compacted layer fracture surface has a significantly higher concentration 
of iron than the corresponding final compacted layer surface. This is a reasonable 
result since the initial layer has been consolidated to a significant degree by the 
upper punch during the initial compaction cycle creating a strongly bonded 
established surface. The energy requirements to detach a particle from the lower 
surface and to adhere the particle to the upper surface will therefore be greater than 
that required to detach a particle from the upper surface which was originally placed 
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in the die as loose powder on top of the pre-consolidated initial layer. Visual 
confirmation of the transfer of particles from one layer to another was obtained by 
imaging the fracture surfaces of bilayer tablets where both layers consisted purely of 
MCC. The acquired scanning electron micrographs are shown in Figure 5.8. 
Figure 5.8. Scanning Electron Microscopy Images Showing the Interfacial 
Fracture Surfaces of a Bilayer Tablet of Pure MCC. 
The initial compaction stress was 50.9MPa and the final compaction stress was 156MPa. A) and 
B) show the interfacial surface of the final compaction layer where particles or agglomerates 
have been transferred to the initial layer interfacial fracture surface. C) and D) show the final 
layer interfacial fracture surface where particles and agglomerates from the final layer have 
been deposited. Please note the magnification of the initial layer is x500 and the magnification 
of the final layer is x200. 
As the energy from the second compaction is dissipated in a diagonally downwards 
direction, in accordance with the developed pressure pattern deduced by Train 
(Train, 1957) and introduced in §2.6, the particles at the interfacial surface of the 
final layer will be deformed onto the initial layer surface during compaction. The 
deformation by plastic flow will increase the intimate contact area between the 
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particles from the adjacent layers and thus strong bonds or junctions will be formed. 
The resultant deposition of particles from the upper layer onto the initial layer 
fracture surface after fracture is therefore postulated to be a direct result of the 
transmitted stress pattern and related particle deformation. 
5.4. Results Summary 
An adapted tensile stress methodology which was originally introduced by Nystrom 
et al. (Nystrom et al., 1977) has been proposed and utilised for the main purpose of 
determining a rigorous quantitative analysis of the axial fracture of microcrystalline 
cellulose (MCC) tablets. The proposed methodology develops an axial tensile stress 
orthogonal to the radial plane within a compact and therefore should provide a 
simple quantitative technique for the determination of the interfacial strength of 
complex formulations such as bilayered and multilayered pharmaceutical compacts. 
Previous utilisation of fracture mechanic techniques with pharmaceutical compact 
specimens have attempted to determine the definitive mechanical properties of 
commonly used pharmaceutical ingredients through the application of linear elastic 
fracture mechanic (LEFM) principles. The applicability of LEFM principles to a 
MCC compact has been discussed and it has been found that the material does not 
display an entirely elastic response around the crack tip as dictated by the traditional 
simple LEFM Theory. To account for this observation a more rigorous fracture 
mechanic analysis has been undertaken. An Irwin Type effective crack length which 
includes a process zone around the crack tip has been included in the corresponding 
Kw calculations. Due to the inherent ductile nature of the material and the crystalline 
structure which is akin to ceramic materials the process zone is considered to be a 
combination of plastic deformation at the crack tip and microcracking where tiny 
cracks are formed ahead of the crack tip, see §3.7.3. The strong dependence on the 
compacted size of the process zone with the sample relative density implies that the 
mechanism of the fracture process is defined by the intrinsic properties of the tablet 
which are a direct result of the internal stress distribution caused during the 
compaction. The calculated Kico value of 0.72MPa.m" produced in this work has 
been compared to other fracture procedures and the large range of Kim values for 
MCC compacts has been discussed. The tensile stress fracture methodology is 
considered a suitable technique for the description of the fracture of MCC tablets. 
115 
Cellulose Bilayer Tablet Interfaces 	 Results and Discussion One 
Bilayer tablets of MCC have been manufactured to varying compaction stresses and 
fractured using this tensile stress methodology. It has been observed that the 
magnitude of the resistance to fracture of the bilayered assemblies is governed by the 
maximum applied stress that is reached during the two subsequent compaction 
cycles. The predilection of MCC to deform in a predominantly plastic manner when 
under load results in a greater consolidation of particles with an increase in the 
maximum compaction stress. This increased consolidation when applied to the 
initial compaction layer has shown to have a detrimental effect on the strength of the 
tablets. An increase in the maximum loading force applied to the final layer has 
shown to result in an increase in the ejected compact strength. A more rigorous 
analysis of this phenomenon will be discussed in later chapters. The manufacture, 
fracture and subsequent analysis of the bilayer tablets containing one layer pure 
MCC and the adjacent layer containing a mixture of MCC and iron oxide have 
determined that the interfacial boundary plane between the two adjacent layers can 
be considered to be the crack propagation path. Therefore the interface is the 
weakest plane within the compact and the bilayer compacts will most likely show a 
predilection for fracture at the interface between the two layers rather than within the 
bulk of the assembly of either of the adjacent tiers. This result is interesting as it 
indicates that the sequential compaction of two layers of the same material cannot be 
considered akin to the cohesion that occurs within a single compacted matrix made 
of the same material and further investigations to elucidate the inherent cause for this 
observation are detailed in the later Chapters. 
5.5. Concluding Remarks 
The complete and comprehensive analysis of the fracture process of MCC tablets has 
been reported in this Chapter, yet if the data required is merely for the purpose of a 
simple ranking of materials then the iteration procedure presented here is not 
essential to the calculation of the fracture mechanic parameters. However, as the 
procedure is fundamentally appropriate, relatively simple to implement and may 
provide a more complete understanding of the fracture process of MCC compacts the 
utilisation of the Irwin Type process zone extension to the LEFM methodology is 
advised. 
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Chapter Six 
Results and Discussion Two 
Topographic Analysis of Bilayered Compacts of 
Microcrystalline Cellulose 
The aim of this Chapter is to characterise the material response of the constrained 
microcrystalline cellulose particles during the compaction cycles that occur when a 
bilayer tablet is manufactured. This has been achieved by exploiting the ability of a 
non-contact optical profilometer to elucidate both the intricate roughness detail and 
the inherent form of a compacted sample surface within one measurement. With 
consideration to the observed limitations of surface profilometry topographical or 
metrological analysis (see §4.2.3), the relatively simple and efficient methodology 
has been able to infer a range of information including the degree of particle 
deformation, the local porosity, the relative magnitude of the die wall friction and 
the extent of energy dissipation by volume expansion. These combined data lead to 
the postulation that the non-uniform stress pattern that develops internally within the 
powder bulk during the sequential application of two compressive loads governs the 
final compact characteristics. 
6.1 Introduction 
The term 'axial profile' is used to describe the analysis along the edge or wall of the 
cylindrical compacted powder assembly at a particular point on the circumference. 
It is termed 'axial' as the sampled line follows the same axis as the applied tensile 
stress during fracture. The term 'radial' topography will be used to describe the 
analysis along the diameter of the compact. The definitions of the 'axial' initial and 
final layer sampling lengths and the 'radial' sampling length can be seen in Figure 
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Figure 6.1. Diagram Showing the Definitions of the Axial Lengths, Radial 
Length and Interfacial Fracture Surfaces. 
6.2 Axial Topography of Bilayered Tablets 
6.2.1. Roughness as a Porosity Indicator 
Figure 6.2 shows the simple correlation between the average final layer axial profile 
values of the mean average roughness, Ra (introduced in §4.2.3) and the final layer 
compaction stress. The data have been fitted to an exponential curve with an R2 
value of 0.99. It can be seen that the Ra value decreases with an increase in the 
applied stress and the value tends towards an asymptotic invariant value at high 
applied compressive forces. This trend has also been observed with other 
pharmaceutical compacts (Narayan et al., 2006, Narayan and Hancock, 2005, 
Bashaiwoldu et al., 2004b, Bashaiwoldu et al., 2004a) and with ceramic alumina 
compacts (Ozkan and Briscoe, 1996). The reduction in the value of Ra is a direct 
result of the reduction in the interparticle and agglomerate porosity. 	As 
microcrystalline cellulose is well known to deform in a predominantly plastic 
manner under an applied stress (Roberts and Rowe, 1987), an increase in the 
compaction stress will result in an increased deformation of the particles. The 
intimate contact area between the particles will therefore increase and the porosity 
will, in contrast, reduce. The resulting appearance of the surface will therefore be 
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roughness of the axial plane of the particulate body at zero porosity. The error bars 
shown in Figure 6.2 represent one standard deviation. It can be seen that as the final 
layer maximum compaction stress increases the standard deviation is reduced. This 
is a logical result of the dependence of the deformation on the final compaction 
stress magnitude. As the particles become increasingly consolidated the intimate 
contact area between the particles also increases. Therefore a relatively small 
deviation in the recorded porosity has a lesser effect on the average roughness of 
compacts which have been stressed to a relatively high degree. At a low final layer 
maximum compaction stress the particles have a relatively small intimate contact 
area. Any relatively small variation in the porosity therefore has a larger effect on 
the estimated mean roughness parameter. 
Figure 6.2. The Arithmetic Mean Value of the Roughness Parameter R. of the 
Final Compaction Layer Axial Profile as a Function of the Final Layer 
Compaction Stress. 
Error bars represent one standard deviation. 
6.2.2. Examination of the Form of the Axial Profile 
The following section seeks to show how the general shape of the topography can 
elucidate further information regarding the compaction properties of microcrystalline 
cellulose during bilayer tablet manufacture. The axial topographic profiles for the 
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bilayer tablet configurations with a variation in the maximum initial layer and the 
maximum final layer compaction stress are shown in Figure 6.3 through to Figure 
6.7 and quantitatively summarised in Table 6.1 through to Table 6.4. The remaining 
example axial profiles, and the corresponding Ra and R., values, for the stress 
combinations not shown in this chapter have been presented in Appendix C. The 
upper and lower compaction layers have been analysed separately for some 
compaction conditions due to the bilayer interface catastrophically failing before 
analysis, however for ease of interpretation they have been shown on the same axis. 
The presence of the interface can be clearly seen, on the majority of the samples, at 
approximately half way along the axial distance either from (i) a difference in the 
average roughness and sporadic nature of the topographic profiles indicating a 
variation in the local porosity at the periphery of the adjacent layers, as is shown in 
Figure 6.3 or (ii) from a 'dip' or void in the surface profile which indicates a gap 
between the two adjacent layers at the boundary plane. As the slope of the gap was 
believed to be greater than 12°, see §4.2.3.1, the quantitative magnitude of the crack 
was unobtainable by this methodology. The presence of a void is a direct result of 
the catastrophic failure of the tablet before analysis, as is also shown in Figure 6.3. 
The `dip' in the profile is considered to be an indication that the particles in the two 
adjacent subsequently compacted layers are not in intimate contact at the radial 
periphery of the interface. This postulate is discussed further later in this Chapter and 
within Chapter Seven. Once the magnitude of the applied final layer compaction 
stress greatly exceeds the initial layer compaction stress the interface cannot be as 
clearly defined from the axial profiles. This infers that the compacted material is 
behaving in a more homogeneous manner. It is also clear from the displayed 
topographies that the geometry of the tablet is a function of the tablet height and also 
the magnitude of the initial and final layer compaction stress. At a relatively low 
applied compaction stress, as has been applied to the final compaction layer shown 
in Figure 6.3 where the final layer compaction stress was 12.7MPa, the diameter 
appears to be relatively linear meaning that the compact has a cylindrical shape 
throughout the total height of the analysed layer. As the magnitude of the applied 
stress increases the form of the profile also changes and becomes more 'curvaceous'. 
This phenomenon is highlighted within the initial layer of the tablet shown in Figure 
6.3 where the initial layer compaction stress has a relatively large magnitude of 
127.3MPa. The form of the final compaction layer topographic profile generally 
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evolves through the following stages with an increase in the applied final layer 
maximum compaction stress: the topographies show an increase in the tablet 
diameter at the maximum distance from the base of the tablet: the magnitude of 
expansion of this local region, in relation to the bulk of the final layer, increases with 
an increase in the final layer compaction stress. If the initial layer compaction stress 
is of a sufficiently high magnitude the final layer profile has also shown a 'bulge' or 
`barrels' at the lower central region of the final layer compaction profile, this 
phenomenon is shown in Figure 6.7, where the maximum initial layer compaction 
stress is 156MPa. The form of the initial layer also evolves depending upon the 
magnitude of the applied stress. When the initial layer compaction stress is 
increased by a relatively small degree the compact profile tends to 'barrel' at the 
lower central region of the initial layer. The relative magnitude of this expansion 
increases with an increase in the final layer applied compaction stress. As the initial 
layer expansion stress increases to a large magnitude the surface topographic profile 
shows an increase in the diameter at the interfacial region of the initial compaction 
layer. The compaction parameters which govern these changes in geometry are 
postulated to be a direct result of the developed stress patterns which develop during 
the two subsequent compaction cycles. 
Figure 6.3. Example Topographic Profile of a Bilayered Tablet. 
Compacted with an initial layer compaction stress of 127.3MPa and a final layer compaction 
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Figure 6.4. Axial Topography of Tablets Compacted to an Initial Compaction 
Stress of 28.6MPa and a Shown Final Compaction Stress. 
All axes are in micron units. 
Final Layer 
Compaction stress / 
MPa 
Initial Layer 
Ra I microns 
Final layer 
Ra I microns 
Initial layer 
Rs I microns 
Final layer 
Rs / microns 
12.7 3.47 6.34 5.24 8.42 
28.6 2.74 3.63 4.07 5.17 
39.8 2.47 2.84 3.84 4.13 
50.9 2.72 2.85 4.56 4.22 
79.6 1.89 1.76 3.60 3.36 
95.5 1.81 1.63 4.21 3.28 
127.3 1.34 1.39 3.63 2.70 
156 1.34 1.34 2.61 2.81 
Table 6.1. Axial Roughness Parameters for the Bilayer Compaction of MCC. 
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Figure 6.5. Axial Topography of Tablets Compacted to an Initial Compaction 
Stress of 50.9MPa and a Shown Final Compaction Stress. 
All axes are in micron units. 
Final Layer 
Compaction stress / 
MPa 
Initial Layer 
Ra / microns 
Final layer 
Ra / microns 
Initial layer 
Rs / microns 
Final layer 
Rs / microns 
12.7 2.83 5.57 4.39 7.80 
28.6 2.70 3.86 4.35 5.52 
39.8 2.46 2.97 3.94 4.99 
50.9 2.11 2.09 3.80 3.20 
79.6 1.83 1.99 3.72 4.14 
95.5 1.61 1.25 4.21 3.84 
127.3 1.39 1.10 4.15 3.20 
156 1.19 1.18 3.52 2.89 
Table 6.2. Axial Roughness Parameters for the Bilayer Compaction of MCC. 
















10000 	 0 






39.8MPa 30 127.3MPa 
10000 
Cellulose Bilayer Tablet Interfaces 	 Results and Discussion Two 
-30 	 -30 
0 10000 	 0 	 10000 
Distance from base of tablet Distance from base of tablet 
Figure 6.6. Axial Topography of Tablets Compacted to an Initial Compaction 
Stress of 95.5MPa and a Shown Final Compaction Stress. 
All axes are in micron units. 
Final Layer 
Compaction stress / 
MPa 
Initial Layer 
Ra / microns 
Final layer 
Ra / microns 
Initial layer 
Rs / microns 
Final layer 
Rs / microns 
12.7 1.78 5.83 3.45 7.77 
28.6 1.73 3.32 3.09 4.82 
39.8 1.73 2.84 2.89 4.37 
50.9 1.69 2.04 2.86 3.67 
79.6 1.47 1.79 2.46 3.17 
95.5 1.36 1.33 2.60 2.47 
127.3 1.47 1.40 3.08 2.12 
156 1.34 1.18 3.05 2.98 
Table 6.3. Axial Roughness Parameters for the Bilayer Compaction of MCC. 
Initial Layer Compaction Stress 95.5MPa 
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Figure 6.7. Axial Topography of Tablets Compacted to an Initial Compaction 
Stress of 156MPa and a Shown Final Compaction Stress. 
All axes are in micron units. 
Final Layer 
Compaction stress / 
MPa 
Initial Layer 
Ra / microns 
Final layer 
Ra I microns 
Initial layer 
Rs / microns 
Final layer 
Rs / microns 
12.7 1.38 4.99 2.53 6.79 
28.6 1.64 3.16 2.94 4.91 
39.8 1.10 2.69 2.34 3.63 
50.9 1.12 2.74 2.13 3.80 
79.6 1.24 1.89 2.18 3.25 
95.5 0.95 1.57 1.75 2.44 
127.3 0.94 1.15 2.35 2.17 
156 0.97 1.12 2.92 2.00 
Table 6.4. Axial Roughness Parameters for the Bilayer Compaction of MCC. 
Initial Layer Compaction Stress 156MPa 
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The non-uniform pressure pattern derived by Train (Train, 1957) and discussed in 
§2.7 predicts localised regions of high density in the top corners and bottom centre 
of a cross sectioned single compacted tablet due to the presence of the volumetric 
constraints during compression. The rigid die walls restrict the powder movement in 
the radial direction and the rigid upper and lower punches restrict the powder 
movement in the far upper and lower axial directions. As the particles in close 
proximity to the rigid volumetric constraints cannot dissipate energy through 
movement they are forced to deform in a viscoplastic manner which results in an 
increase in the consolidation of the tablet and is experimentally observed as an 
increase in the localised relative density (Wu et al., 2005, Eiliazadeh et al., 2004, 
Sinka et al., 2004, Fu, 2006). When a bilayered tablet is produced only the first 
compaction will be constrained by the rigid lower punch and will have localised 
regions of high density as described by the Train Theory (Train, 1957). Once the 
final compaction occurs the recently filled powder is compacted onto the previously 
densified layer. This layer is not rigid but is a compact made of deformable particles 
which have the capacity for further elastic and plastic deformation. This implies that 
the density distribution in the initial layer after the final compaction will not only be 
a result of the stress distribution caused by the compaction of that layer but will also 
be affected by the stress applied to the subsequent compaction layer. It can be seen 
in Table 6.1 through to Table 6.4 that the Ra and Rs values for the axial profiles of 
the initial compaction layer decrease with an increase in the final compaction stress. 
This indicates that further deformation occurs within the initial layer during the final 
layer compaction, the magnitude of which is governed by the maximum compaction 
stress applied directly to the final layer. Figure 6.8 shows the proposed developed 
stress pattern, and resultant density distribution, at various stages of the manufacture 
of a bilayer tablet. 
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Figure 6.8. A Schematic Diagram Showing the Different Stages Occurring 
During Bilayer Tablet Uniaxial Compaction. 
A) Initial layer die filling and compaction. B) Initial layer compaction showing the 
predominant stress transmission profile. C) Density profile of initial layer before die 
filling of the final layer. D) Final layer die filling and compaction. E) Final layer 
compaction showing the predominant stress transmission profile. F) Density profile of 
bilayer tablet before ejection. G) Ejection of a bilayer tablet, dashed arrows show the 
postulated radial expansion due to energy dissipation. The measured axial topographic 
profile of the ejected tablet is also shown. Black areas correspond to regions of 
localised high density. Arrows show the direction of the applied stress. 
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The general trend of the pressure pattern is thought to remain consistent during both 
of the compaction cycles, with the predominant transmitted stress profile acting on 
the lower centre of the powder mass, creating a region of high relative density. This 
is a logical result of the presence of the flat faced punch and die acting as rigid 
constraints surrounding the total bilayer tablet mass. The upper corners of the cross 
section of the final compacted tablet layer are also thought to contain regions of 
localised high density due to the proximity of the applied force from the upper punch 
and the constraints of the die walls resisting the radial expansion of the particulate 
body. These regions of high density indicate that a large amount of plastic 
deformation has occurred, however, due to the viscoelastic compaction mechanism 
of MCC this will have occurred in tandem with reversible elastic deformation 
(Marshall et al., 1972, Bolhuis and Chowhan, 1996). The stored elastic strain energy 
will have a predilection to be dissipated upon removal of the rigid constraints, which 
occurs during either the unloading or the ejection phase of the compaction cycle. 
Upon unloading the strain energy will be dissipated by axial volume expansion 
(Ragnarsson, 1996), which is discussed later, whereas during ejection the energy 
dissipation will most likely result in radial volume expansion. The indirect 
determination of the residual stress and strain inhomogeneity that arises during the 
uniaxial compaction of alumina has been investigated by Aydin et al. (Aydin et al., 
1997). Non-contact laser profilometry was used to determine the axial geometry of 
the ejected green body. It was found that the form of the axial topographic profile of 
the alumina compacts was also non-linear. The profile 'barrelled' significantly along 
the axial profile in a similar manner to the profiles found in this work. As previously 
highlighted Figure 6.3 through to Figure 6.7 show that the axial tablet profile 
`barrels' at the upper circumference of the final compaction layer, the upper 
circumference of the initial compaction layer and at the centre of the initial 
compaction layer, when placed under a significantly large magnitude of compaction 
force. These regions directly correlate with the predicted localised high density 
regions within the tablet and it is therefore postulated the radial volume expansion is 
a direct result of energy dissipation at areas of high local residual strain energy, as 
was found by Aydin et al. (Aydin et al., 1997). Evaluation of the residual die wall 
stress would assist in providing an indication of the predilection of the tablet to 
expand in the radial direction as the radial stress magnitude is thought to be closely 
linked with the elastic properties of the compacted material (Takeuchi et al., 2004). 
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Due to resource constraints the radial die wall force was unobtainable in this study. 
However, as the die wall friction coefficient of MCC remains approximately 
constant after the average relative density of the compact reaches in excess of ca. 
0.38 (Sinka et al., 2003), which is exceeded in all tablets studied in this work, and 
the compact aspect ratio is constant throughout all the compactions, the maximum 
ejection force, MEF provides a good indication of the relative residual die wall stress 
(Takeuchi et al., 2004). Figure 6.9 shows the increase in the maximum ejection 
force with maximum applied compaction stress for the bilayer tablets manufactured 
in this study. There is a distinct two region linear correlation which is consistent 
with the findings in §5.2.2. Figure 6.9 shows that as the compaction stress increases 
the particles at the radial edge of the tablet are exerting a greater force onto the die 
walls and therefore are displaying a greater resistance to movement during the 
ejection phase. The increase in the radial force is a further indication of the tablets 
requirement to dissipate the stored elastic strain energy, which is contained within 
the compact, by radial volume expansion. 
Figure 6.9. The Average Maximum Ejection Force for Bilayer Tablets. 
The data have been fitted to two linear correlations. 
Although the radial force exerted by the constrained compacted mass of MCC 
particles increases with an increase in the compaction load, the discrete distance of 
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expansion is dependant upon the equilibrium between the magnitude of the energy 
required to be dissipated and the energy contained within the bonds between the 
particles resisting the radial expansion. As can be seen in Figure 6.10 the average 
maximum final layer compact expansion always results in the ejected tablet having a 
final diameter which is larger than the diameter of the die utilised during the 
manufacture of the compact. This implies that the stored elastic strain energy 
dissipated radially is always of a sufficient magnitude to cause the rupture of some 
bonds within the compact and hence is responsible for a decrease in the intimate 
contact area between the adjacent particles. Although the indirect measurement of 
the radial stress shows an increase with a rise in the maximum applied compaction 
stress the average maximum distance of radial expansion decreases. This reduction 
indicates that for a larger applied compressive load the increased bonding energy 
between particles, resulting from the further deformation of the particles and hence 
the enlargement of the intimate contact area, always exceeds the increased amount of 
energy required to be dissipated, for the tablets studied in this work. 
Figure 6.10. The Average Maximum Expansion Distance of the Final Layer 
Diameter as a Function of the Final Layer Compaction Stress. 
Data fitted to an exponential curve with an R2 value of 0.99. Error bars represent one standard 
deviation. 
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6.3. Radial Topographies of the Fracture Surfaces 
An important consequence of the postulated stress pattern that develops during the 
bilayer tablet compaction cycle is the curvature that arises during the final 
compaction cycle at the interfacial plane between the two adjacent layers, as is 
shown schematically in Figure 6.8F. The radial topographic profiles of the 
interfacial fracture surfaces for compacts manufactured to an initial maximum 
compaction stress of 50.9MPa and 95.5MPa can be seen in Figure 6.11 through to 
Figure 6.14. 
6.3.1. Single Compacted Tablet Radial Profiles 
The radial topographic profiles of the tablets manufactured with a single applied 
compaction cycle, Figure 6.11 A) and Figure 6.13 A) show the magnitude of 
volume expansion due to the stored elastic strain energy dissipation in the axial 
direction which is believed to occur during the unloading phase of the compaction 
cycle (Ragnarsson, 1996). The general trend of the form of the profiles shows two 
regions of relatively large expansion within the radial periphery, which extends 
approximately 5mm towards the centre of the compact from the die wall. The 
profile shape at the circumference edge of the powder mass, which was in contact 
with the die wall during the compaction cycle, shows a significant 'dip'. In order for 
the powder particles in contact with the die wall to move and expand axially, the 
elastic energy required to be dissipated must exceed the frictional forces retarding 
the powder. As can be seen in Figure 6.13 A) there is a difference of approximately 
301_tm between the highest and lowest recorded points of the radial profile. As the 
upper punch recedes during the unloading phase to a distance of over 300iim after 
applying a single maximum compaction stress of 95.5MPa, (value taken from the 
undisclosed force displacement curves obtained during compaction), the amount of 
dissipated energy is large enough to initiate the particle movement at the 
circumference of the tablet during unloading, however, the retarding frictional forces 
are of sufficient magnitude to prevent the complete uniform axial expansion at the 
extreme periphery of the tablet upper surface. The relative magnitude of the distance 
between the highest and lowest recorded points of the radial profile may also be used 
to determine the relative magnitude of the residual radial stress. If a large amount of 
residual stress is present the particles at the die wall will show a greater resistance to 
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movement, due to the adhesion force between a particle and a surface being 
dependant on the presence of any external compressive forces. It can be seen in 
Figure 6.11 A) that the difference between the highest and lowest recorded points of 
the radial profile for a tablet compacted to 50.9MPa is ca. 10ium less than the tablet 
compacted to 95.5MPa. This result is in agreement with the earlier statement that an 
increase in the applied maximum compaction stress results in an increase in the 
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Figure 6.11. Radial Profiles of the Interfacial Fracture Surfaces of the Initial 
and Final Layers of Tablets Compacted to an Initial Stress of 50.9MPa. 
A) Single compaction of 50.9MPa, akin to the initial layer interfacial surface before the final 
compaction cycle. B) Final compaction stress 12.7MPa. C) Final compaction stress 28.6MPa. 
D) Final compaction stress 39.8MPa. E) Final compaction stress 50.9MPa. The final layer 
surface topographies have been inverted and shown above the initial layer profiles. All axes are 
in micron units. Please note the change in the scale of the y axis. 
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Figure 6.12. Radial Profiles of the Interfacial Fracture Surfaces of the Initial 
and Final Layers of Tablets Compacted to an Initial Stress of 50.9MPa. 
The final layer surface topographies have been inverted and shown above the initial layer 
profiles. F) Final compaction stress 79.6MPa. G) Final compaction stress 95.5MPa. H) Final 
compaction stress 127.3MPa. E) Final compaction stress 156MPa. All axes are in micron units. 
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Figure 6.13. Radial Profiles of the Interfacial Fracture Surfaces of the Initial 
and Final Layers of Tablets Compacted to an Initial Stress of 95.5MPa. 
A) Single compaction of 95.5MPa, akin to the initial layer interfacial surface before the final 
compaction cycle. B) Final compaction stress 12.7MPa. C) Final compaction stress 28.6MPa. D) 
Final compaction stress 39.8MPa. E) Final compaction stress 50.9MPa. The final layer surface 
topographies have been inverted and shown above the initial layer profiles. All axes are in 
micron units. 
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Figure 6.14. Radial Profiles of the Interfacial Fracture Surfaces of the Initial 
and Final Layers of Tablets Compacted to an Initial Stress of 95.5MPa. 
The final layer surface topographies have been inverted and shown above the initial layer 
profiles. F) Final compaction stress 79.6MPa. G) Final compaction stress 95.5MPa. II) Final 
compaction stress 127.3MPa. E) Final compaction stress 156MPa. All axes are in micron units. 
Please note the change in the scale of the y axis. 
6.3.2. Bilayer Tablet Radial Profile Geometry 
The geometrical variation of the interface has a high dependency on the utilised 
compaction conditions. It can be seen from Figure 6.11 through to Figure 6.14 that 
the form of the initial compaction layer fracture interface initially becomes more 
homogeneous with an increase in the final layer maximum applied stress, until the 
point where the initial layer compaction stress and final layer compaction stress are 
of a comparable magnitude. From the postulated inhomogeneous stress pattern that 
occurs within the bilayer tablet compaction cycles, shown in Figure 6.8, the 
predominant direction of the transmitted final layer compaction stress is towards the 
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lower centre of the constrained powder mass, or the centre of the initial compaction 
layer. This increase in stress in the central region of initial layer interfacial surface 
will increase the degree of deformation endured by the particles and hence the 
magnitude of stored elastic strain energy contained within the particulate mass will 
also be amplified. The removal of the central 'dip' in the topography of the initial 
layer interfacial fracture surface suggests that the magnitude of the volume 
expansion along the central region of the initial layer interface becomes more 
uniform. This effect will only occur if the magnitude of stored elastic stress 
contained within the particulate mass across the whole diameter of the tablet is 
unvarying. It is important to note here however that the frictional effects of the die 
wall are still governing the axial expansion at the periphery as the 'dips' at the 
circumference of the interfacial layers are continuingly present. This initial layer 
uniform axial expansion may be responsible for the catastrophic failure of the bilayer 
compacts of MCC where the initial layer compaction stress is of a sufficiently larger 
magnitude than the final layer compaction stress. The expansion of the initial layer 
during unloading will exert a stress on the particles within the final layer, which may 
result in the final layer surface retreating within the die. As the particles at the radial 
periphery of the initial interfacial layer do not expand to the same extent as the 
particles in the central region of the die the intimate contact area between the 
particles in the circumferential region of the adjacent layers may be significantly 
reduced. If the energy dissipated by the initial layer axial expansion exceeds the 
bonding energy between the particles at the radial periphery of the adjacent layers at 
the interfacial plane a surface crack may form. This surface crack will act as a stress 
concentrator and hence weaken the interface between the layers. Further energy 
dissipation will then occur during the ejection phase as the radial die wall constraints 
are removed, as discussed earlier. As the interface has been sufficiently weakened 
during the decompression phase of the final layer compaction cycle this is likely to 
result in the catastrophic failure of the tablet. A schematic diagram showing the 
exaggerated volume expansion that is postulated to occur during the manufacture of 
a bilayer tablet where the initial layer maximum compaction stress is of a 
significantly greater magnitude than the final layer compaction stress is shown in 
Figure 6.15. 
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Figure 6.15. A Schematic Diagram Showing the Different Stages Occurring 
During a Bilayer Tablet Manufacture Where the Initial Layer Maximum 
Compaction Stress is Sufficiently Greater than the Final Layer Maximum 
Compaction Layer Stress. 
A) Initial layer die filling and compaction. B) Initial layer compaction showing the predominant 
stress transmission profile and regions of high density. C) Exaggerated axial volume expansion 
after the initial layer unloading. D) Final layer die filling and compaction. E) Final layer 
compaction showing the predominant stress transmission profile. F) Density profile of bilayer 
tablet before unloading. G) The exaggerated axial expansion that is postulated to occur after the 
final layer decompression. Note the presence of the surface crack. H) Ejection of a bilayer 
tablet. Note the interfacial failure. Dashed arrows show the direction of the volume expansion 
due to energy dissipation. Black areas correspond to the regions of localised high density. 
Black arrows indicate direction of applied stress. 
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Once the final layer compaction stress is of the same order of magnitude as the initial 
layer compaction stress, the interfacial fracture surfaces become less planar and an 
increase in the profile curvature can be seen along the diametrical length, see Figure 
6.12. As the transmitted stress acting on the centre of the initial layer increases 
significantly an additional deformation of the particles in the centre of the initial 
layer occurs and there is a further reduction in the initial layer voidage. This results 
in a larger contact area between particles in the initial layer available for bond 
formation. The retardation effects of the frictional forces between the particles of 
MCC and the die wall again can be clearly seen as a particle displacement gradient. 
The number of the additional bonds formed between the particles in the initial layer 
results in the energy dissipation by axial expansion being of insufficient magnitude 
to create a planar interfacial boundary layer and hence it is postulated that under 
these conditions the radial expansion that occurs during ejection is the predominant 
energy dissipating mechanism. 
6.3.3. Quantitative Analysis of the Bilayer Fracture Surfaces 
The calculated average roughness parameter, Ra, values for the fracture surfaces of 
the bilayered tablets compacted to an initial compaction stress of 50.9MPa and 
95.5MPa can be seen in Figure 6.16 and Figure 6.17 respectively. The measured Ra 
value of the final layer interfacial fracture surface shows a decrease with an increase 
in the final layer maximum compaction stress which is a logical result of the greater 
deformation that the constrained MCC particles endure under high applied loads. 
The scanning electron microscopy images, shown in Figure 6.18 confirm the 
reduction of the interparticle porosity of the final compaction layer fracture surface 
when the final compaction stress was increased from 28.6MPa to 156MPa. The 
interfacial surface of the initial layer has a lower Ra value than the corresponding 
final layer surface, when the initial compaction stress was greater. As the particles 
have been compressed to a larger degree by the upper punch, which was in direct 
contact with these interfacial particles, the increased deformation endured by the 
particles created a 'smoother' surface. Once the final layer applied stress reaches a 
significant magnitude however, the measured Ra values of the two adjacent surfaces 
become more consistent. As is often found when examining fracture surfaces (Rice, 
1984) the two adjacent layers have an almost commensurate profile. The topography 
of the fractured surfaces should therefore in theory represent the crack propagation 
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path that occurred during the failure of the tablet. The scanning electron microscopy 
images, shown in Figure 6.18 confirm the similarity in the surface appearance of the 
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Figure 6.16. Calculated Average Roughness Parameters of the Interfacial 
Fracture Surfaces of Bilayered Tablets Compacted to a Varying Final Layer 
Maximum Compaction Stress. 
Initial compaction layer maximum stress was 50.9MPa. 
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Figure 6.17. Calculated Average Roughness Parameters of the Interfacial 
Fracture Surfaces of Bilayered Tablets Compacted to a Varying Final Layer 
Maximum Compaction Stress. 
Initial compaction layer maximum stress was 95.5MPa. 
Figure 6.18. Scanning Electron Microscopy Images Showing the Final Layer 
Interfacial Fracture Surfaces of Bilayer Tablets. 
Tablets manufactured with an Initial Layer Maximum Compaction Stress of 50.9MPa. A) Final 
layer maximum compaction stress was 28.6MPa. B) Final layer maximum compaction stress 
was 156MPa. 
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Figure 6.19. Scanning Electron Microscopy Images of the Fracture Surfaces of 
a Bilayered Tablet. 
A) the final and B) the corresponding initial layer interfacial fracture surface manufactured 
with an initial layer maximum compaction stress of 50.9MPa and a final layer maximum 
compaction stress of 156MPa. 
An interesting result of the examination of the measured Ra values of the fracture 
surfaces is the increase in the measured roughness of the initial compaction layer 
interfacial fracture surface with an accretion in the final layer maximum applied 
compaction stress. At first instance this appears to be in contradiction to the logical 
result of the additional 'smoothing' deformation by predominantly plastic flow that 
occurs to the constrained MCC particles when subjected to an increase in an applied 
compressive load. As can be seen in the scanning electron microscopy images 
shown in Figure 6.20 the extent of particle deformation of the of the initial layer does 
increase with an increase in the final layer compaction stress and the base surfaces 
appear to be smoother when subjected to a greater magnitude of applied load. The 
explanation for this perceived anomaly was however introduced in §5.3.2. During 
the final layer compaction cycle the particles present at the interfacial surfaces of the 
two adjacent compaction layers have shown to 'transfer' from one layer to another 
inferring a mild cohesive failure. 
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Figure 6.20. Scanning Electron Microscopy Images of Tablet Surfaces. 
A) The upper surface of a tablet manufacture with a single compaction cycle to a maximum 
compressive stress of 50.9MPa. This surface can be considered akin to the initial layer 
interfacial surface before the final layer compaction cycle. The initial layer interfacial fracture 
surfaces of bilayer tablets manufactured with an initial layer maximum compaction stress of 
50.9MPa and a final layer maximum compaction stress of 28.6MPa and 156MPa are shown in 
B) and C) respectively. 
As the crack propagation path that occurs during fracture will naturally follow the 
least energetically demanding route any particles which are more strongly bonded to 
the adjacent particles in the opposite layer than the neighbouring particles of the 
same layer will be 'removed' from their original layer and 'deposited' on the 
interfacial surface of the complementary layer. As previously discussed the 
predominant direction for the particle 'transfer' is from the final layer to the initial 
layer. Closer examination of the central portion of the initial layer interfacial 
fracture surface topographic profiles, shown in Figure 6.21 and Figure 6.22 enables 
the visualisation of the effect of particle 'transfer' on the recorded Ra values. This is 
also confirmed by the scanning electron microscopy images shown in Figure 6.23. It 
can also be seen from Figure 6.23 that particles can be 'removed' from the interfacial 
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layer even before the die filling stage of the final compaction cycle. If the strength 
of adhesion is greater between the contacting upper punch and a particle present at 
the upper surface of a tablet than the interparticle adhesion strength the particle will 
`stick' to the punch and hence troughs are seen in the surface topographic profile. It 
has been previously noted that manufacturing problems can arise due to 'sticking' of 
the powder particles onto the metal machinery (Sendall and Staniforth, 1986, Wang 
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Figure 6.21. Topographic Profile of the Initial Layer Interfacial Fracture 
Surface of a Bilayer Tablet. 
Tablet manufactured with an initial layer stress of 50.9MPa and a final layer stress of 50.9MPa. 
Total tablet diameter 20mm. 
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Figure 6.22. Topographic Profile of the Initial Layer Interfacial Fracture 
Surface of a Bilayer Tablet. 
Tablet manufactured with an initial layer stress of 50.9MPa and a final layer stress of 95.5MPa. 
100 gm is the mean particle size of MCC. 
Figure 6.23. Scanning Electron Microscopy Images. 
A) The upper surface of a tablet manufactured with a single compaction cycle to a maximum 
compressive stress of 50.9MPa. This surface can be considered akin to the initial layer 
interfacial surface before the final layer compaction cycle. B) The initial layer interfacial 
fracture surface of a bilayer tablet manufactured with an initial layer maximum compaction 
stress of 50.9MPa and a final layer maximum compaction stress of 28.6MPa. The circled areas 
highlight some of the 'deposited' and 'removed' particles and agglomerates. 
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6.4 Results Summary 
Laser profilometry has been utilised to determine the characteristic topographic 
profile and the commonly applied quantitative roughness parameters of various 
surfaces of the bilayer tablets manufactured in this work. The reproducibility of the 
discrete values obtained and presented here by other authors may not be achievable 
as variables such as the equipment parameters, utilised software and method of 
analysis may all result in a variation of the obtainable roughness quantities 
(Whitehouse, 1994). As the equipment and methodology remained constant through 
the experimental procedures utilised in this work the quoted values are able to 
provide appropriate estimates for the comparison and general non-absolute ranking 
of the surfaces studied. As previously observed (Narayan et al., 2006, Narayan and 
Hancock, 2005, Bashaiwoldu et al., 2004b, Bashaiwoldu et al., 2004a) the 
quantitative average roughness parameter Ra is able to determine the relative degree 
of deformation by plastic flow that the MCC particles have endured. Due to the 
dependency of the local porosity on the degree of deformation (Narayan and 
Hancock, 2003) a relative estimate of the local density at the surface of the compacts 
can therefore be made. The form of the axial and radial profiles has enabled the 
phenomenon of stored elastic strain energy dissipation by both axial and radial 
volume expansion to be elucidated. The postulated uneven stress pattern (Train, 
1957) that develops during the compaction cycles of the bilayer tablet manufacture 
process creates regions of local high relative density which in turn create internal 
inhomogeneous strain energy gradients (Ozkan and Briscoe, 1996). Upon removal 
of the rigid volumetric constraints of the die wall and the upper and lower punches 
the tablet can dissipate the stored elastic energy by expanding. For the tablets 
analysed in this work it is thought that the axial relaxation of particles is a dominant 
interfacial strength reducing mechanism when the maximum initial layer applied 
compaction stress exceeds the maximum final layer applied compaction stress. As 
the final layer compaction stress surpasses that of the initial layer the strain energy 
dissipation by radial volumetric expansion during the ejection phase of the 
compaction cycle is thought to become more dominant. A large final compaction 
load increases the deformation of the initial layer and results in a large curvature at 
the interfacial boundary. Particles present at the interface will have been greatly 
deformed by the predominant mechanism of plastic flow and hence a large region of 
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contact area available for bond formation will be present between the particles in the 
adjacent layers. The higher number of junctions coupled with an increase in the 
tortuosity of the interface will result in the fracture at the boundary plane being more 
energetically demanding. As has been shown, the increase in the bonding energy 
created by an incremental increase in the compaction stress far outweighs the rise in 
the quantity of stored elastic strain energy required to be dissipated. Thus for 
compacts with a greater applied final compaction load the interface is thought to 
remain intact during the unloading phase. The axial topographic profiles have 
highlighted the stored elastic strain energy gradient that exists at the periphery of the 
interfacial boundary plane between to two sequentially compacted layers. Due to the 
retardation effects of the die wall frictional forces the particles at the radial periphery 
will not endure the same degree of deformation as the particles present at the central 
region of the interfacial plane. It is thus postulated that the uneven energy 
dissipation by the radial volumetric expansion may create a shear stress that is of a 
significant magnitude to overcome the energy contained within the bonds at the 
extremities of the boundary layer. This postulation is examined further in the next 
chapter. 
6.5. Concluding Remarks 
Not discussed within the current study is the effect of the ejection stress, introduced 
in §2.8, on the developed density and stored energy gradients. Undisclosed 
observations of the ejection profiles, an example of which is shown in Appendix D, 
infer that recompaction of the material occurs to some degree when the initial layer 
compaction stress is of a sufficiently higher magnitude than the final layer 
compaction stress. However, due to the complexity of differentiating the compact 
displacement from the possible recompaction phases based on the force displacement 
data alone, and the magnitude of the ejection stress being much smaller than the 
applied compression stress (between 1% and 3.25%), the affect of the applied stress 
during the ejection phase is considered to be minimal and therefore has not been 
included in this discussion. 
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Chapter Seven 
Results and Discussion Three 
Interfacial Brittleness of Bilayered Tablets of 
Microcrystalline Cellulose 
The inherent cause of the interfacial brittleness of the bilayer tablets manufactured 
in this work is investigated within this Chapter. X-ray microtomography has been 
utilised to show the presence of a significant stress concentrating crack along the 
interfacial boundary between the two sequentially compacted layers. A mechanical 
energy balance has been conducted and the stored elastic strain energy released by 
the radial volume expansion of the tablet after the ejection phase of the compaction 
cycle has been shown to be of sufficient magnitude to overcome the energy contained 
within the bonds between the particles within the adjacent layers at the periphery of 
the interfacial plane, under certain compaction conditions. The interfacial 
toughness however, is shown not to be completely governed by the presence of the 
crack but is thought to be a direct consequence of the imposed geometry of the 
interfacial surface of the initial compaction layer. 
7.1. Introduction 
It has been shown in Chapter Five that the fracture of bilayered tablets of 
microcrystalline cellulose (MCC) occurs at the interfacial plane between the two 
sequentially compacted layers rather than within the bulk of the assembly of either of 
the adjacent layers, thus the interface is by far the most brittle zone within the 
compact. The additional compaction cycle implemented during the bilayer 
formulation manufacture must therefore result in a variation in the material cohesion 
from that of a compact manufactured under a single compaction cycle. The 
sequential application of two applied loads results in a complex deformation 
mechanism within the bulk powder assembly, which is a direct result of the non-
uniform stress pattern initially predicted by Train (Train, 1957). The final compact 
therefore displays an inhomogeneous density distribution (Eiliazadeh et al., 2004, 
Sinka et al., 2004) and internal stored elastic strain energy gradients (Aydin et al., 
1994, Eiliazadeh et al., 2003), see §2.7. Upon removal of the rigid constraints 
imposed by the die walls and upper and lower punches, during unloading and 
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ejection, the localised regions of stored elastic strain are thought to release energy 
through the process of volume expansion (Eiliazadeh et al., 2003). The topographic 
profiles of the various surfaces of the bilayer tablets, presented in Chapter Six, reveal 
that an ejected bilayer compact displays an inhomogeneous axial diameter postulated 
to be the result of a non-uniform volume expansion due to the radial dissipation of 
stored elastic strain energy contained within localised regions. The difference in the 
discrete distance of expansion of the particle layers directly adjacent to the interface 
infers the presence of a strain energy gradient at the interfacial plane after the 
unloading phase of the final compaction cycle. If the magnitude of the energy 
gradient exceeds the bonding energy between the particles within the compact the 
tablet will fracture and a crack at the periphery of the interfacial plane will appear. 
A crack will concentrate any imposed stress on a body at the crack tip, reducing the 
materials resistance to fracture, and is therefore a major toughness weakening 
occurrence (Griffith, 1920). The aim of this Chapter is to determine if the energy 
released by the volumetric radial expansion of an ejected bilayer tablet of 
microcrystalline cellulose is of sufficient magnitude to be the inherent cause of the 
observed interfacial crack between the subsequent compacted layers. Through this 
investigation the definitive cause of the brittleness of the interfacial plane has been 
elucidated. 
7.2. Interfacial Crack 
Using the three-dimensional x-ray microtomography imaging technique the common 
presence of a crack can be determined by analysis of the grey scale representation of 
the attenuation coefficients. Example X-ray reconstructions showing the presence of 
a crack for tablets with varying initial layer and final layer compaction stresses are 
shown in Figure 7.1 through to Figure 7.4. Please note the decrease in the brightness 
of the images, corresponding to the increase in the relative density of the samples. 
Additional images showing the presence of the crack at the interfacial boundary zone 
for the compaction conditions not presented here can be found in Appendix E. The 
quantitative determination of the crack length was achieved by recording the 
maximum grey scale value for every pixel length along the radial periphery. The 
crack length was then estimated at the distance from the radial edge of the tablet 
where the grey levels decreased below a threshold value, as is shown in Figure 7.5. 
The fluctuations which can be seen at relatively large distances from the radial edge 
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are thought to be a direct result of the inherent porosity of the sample which is also 
responsible for the mottled appearance of the reconstructed images. 
Figure 7.1. Reconstructed Cross Section of the Periphery of the Radius of a 
Bilayer Tablet of MCC. 
The tablet has been enlarged to show the main features elucidated by the imaging methodology. 
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Figure 7.2. Reconstructed Cross Sections of the Periphery of the Radius of 
Bilayer Tablets of MCC. 
Tablets compacted to an initial layer maximum compaction stress of 28.6MPa. The region 
shows the presence of a crack at the interface between the two subsequent compacted layers. 
The final layer compaction stress is shown. 
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Figure 7.3. Reconstructed Cross Sections of the Periphery of the Radius of 
Bilayer Tablets of MCC. 
Tablets compacted to an initial layer maximum compaction stress of 39.8MPa. The region 
shows the presence of a crack at the interface between the two subsequent compacted layers. 
The final layer compaction stress is shown. 
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Figure 7.4. Reconstructed Cross Sections of the Periphery of the Radius of 
Bilayer Tablets of MCC. 
Tablets compacted to an initial layer maximum compaction stress of 127.3MPa. The region 
shows the presence of a crack at the interface between the two subsequent compacted layers. 
The final layer compaction stress is shown. 
Figure 7.5. A Plot of the Maximum Grey Scale Value at the Periphery of the 
Radial Edge Provides an Estimation of the Crack Length. 
Tablet compacted to an initial compaction stress of 90.5Mpa and a final compaction stress of 
127.3MPa. The crack length was estimated at the point where the maximum recorded grey 
scale value dropped and remained below the threshold value. 
Table 7.1 shows the average of three estimated crack lengths for bilayer tablets with 
varying combinations of the initial and final compaction stress. 	The associated 
variations between the measured crack lengths for samples manufactured to the same 
153 
Cellulose Bilayer Tablet Interfaces 	 Results and Discussion Three 
compaction conditions all fell within 5 pixels. As the resolution of the pixel length 
was 20.9µm the standard error range of between ±3% to ±14% was considered 
acceptable. Generally, it can be seen that with an increase in the initial compaction 
stress there is an increase in the crack length at the manufactured interface. As the 
final compaction stress increases, the crack length in contrast decreases. This infers 
that increasing the magnitude of the final compaction stress has a positive impact on 
the bilayer interface strength or toughness. This is in agreement with the initial 
observations of the bilayer formulation tablet strength from Chapter Five. As 
discussed in detail within Chapter Two microcrystalline cellulose, MCC, deforms in 
a predominantly plastic manner under an applied compaction force (David and 
Augsburger, 1977). Therefore under an increasing final compaction stress the 
particle deformation results in a larger intimate contact area between adjacent 
particles at the interface between the two subsequent compaction layers. A greater 
contact area increases the opportunity to form a larger number of strength enhancing 
hydrogen bonds (Pesonen et al., 1989) and hence the interface will display more 
resistance to fracture. 
Crack lengths 
Final Compaction Stress / MPa 
/ mm 





12.7 	1.25 - - - - - 
28.6 	5.01 0.85 0.60 - -  - - 
39.8 	N/A 	Split 2.50 1.20 0.75 0.69 0.84 - 
50.9 	N/A 	N/A 	Split 1.76 0.80 1.15 0.79 - 




Split 1.48 1.53 1.27 0.71 
95.5 	N/A N/A 	3.00 2.50 1.32 0.70 





156.0 	N/A Split 3.14 
Table 7.1. Crack Lengths in mm for Bilayer Tablets with Varying Compaction 
Stresses. 
`N/A' represents the catastrophic failure of an interface after the ejection phase. - represents 
no visible crack was seen. 'Split' represents the interface being too weak to withstand the shear 
from the removal of a wedge specimen and therefore could not be measured (see §4.2). 
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7.3. Energy Analysis at the interface 
7.3.1. Volume Expansion 
To ascertain if the interfacial crack is a direct result of the uneven energy release by 
radial volume expansion an energy analysis at the interface was conducted. An 
estimate of the energy released by the volume expansion of MCC at the bilayer 
interface can be achieved by examination of the axial topographic profile of the 
ejected bilayer tablet and the force displacement curve obtained during the 
compaction cycle. A typical force displacement curve for the uniaxial compaction of 
MCC is shown in Figure 2.3 in Chapter Two. The recoverable elastic work released 
axially during unloading can be quantified by the area under the unloading curve 
(Ragnarsson, 1996). A new term, EE, can now be defined as the expansion energy 
release rate which is calculated from 
[7.1] 
VEA  
where R is the elastic work recovered during unloading (see §2.3), and VEA is the 
axial expansion volume, calculated from the change in displacement of the upper 
punch during decompression and assuming a uniform expansion over the entire 
tablet upper surface. It has been assumed that EE calculated from the axial expansion 
data is equal to the energy released per unit volume during the radial expansion of 
the tablet, after ejection, where the samples have the same porosity. A tablet 
compacted using flat faced punches has a local high density region at the upper 
radial edge of a compact, which is greater than the average density at the upper 
surface of the compact (Eiliazadeh, 2004). Thus it can be assumed that the 
proportion of stored elastic strain energy will also be greater at the radial periphery. 
The energy released per unit volume expansion in the axial plane should therefore be 
equivalent to, or provide a slight under estimation of, the energy per unit volume 
released by the radial expansion predicted using this assumption. The radial volume 
expansion that occurs at the interface between the sequential compactions was 
calculated using the axial topographical or metrological data. The elevation of the 
surface, measured every five microns was averaged every one hundred microns to 
reduce the effects of the inherent fluctuations created by the internal porosity of the 
compacts. The maximum diameter of each layer of the tablets was recorded after 
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ejection using digital callipers accurate to ten microns. This value was then equated 
to the maximum point on the averaged topographic profile. An example profile is 
shown in Figure 7.6. The normalised expansion distances of each layer directly 
adjacent to the interface was then used to predict the difference in the radial 
expansion distance between the two sequentially compacted layers. The energy 
released by the non-uniform volume expansion at the interface, Ev, can then be 
calculated from 
Ev = EE AV ER 	 [7.2] 
where EE is the expansion energy release rate, from equation [7.1] and AVER is the 
difference in radial expansion volume between the two adjacent layers calculated 
from 
AVER =100.Ad 	 [7.3] 
Where Ad is the difference in the radial expansion distance, as is shown 
schematically in Figure 7.7, and 100 is considered the depth, in microns, of the 
expansion volume. The precise value of the depth is a matter of some conjecture but 
was assumed to be one hundred microns as it is approximately the average particle 
size and provides a sensible proportion of the material directly affecting the 
interfacial properties. As the energy released during the axial volume expansion 
that occurs during the unloading phase is not directly considered within this first 
order approximation of the magnitude of released energy, the relatively small depth 
of approximately one mean particle diameter appears to be appropriate. The 
recorded values of the radial expansion distance had a maximum associated variation 
of +ltim. An interfacial crack will form, due to the radial volume expansion, if the 
energy released by the uneven volume expansion at the interface, Ev is equal to or 
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Distance from Base of Tablet / mm 
Figure 7.6. Axial Profile Averaged Every 100 gm. 
Initial compaction stress 39.8MPa, final compaction stress 50.9MPa. Maximum compact 
diameter 20.15 mm. The value of zero on they axis represents the radius of the die. 
Figure 7.7. Schematic Diagram Showing the Influential Region of the Volume 
Expansion Caused by Energy Dissipation 
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7.3.2. Fracture Energy 
The strain energy release rate during tensile testing has been obtained for a range of 
single compacted tablet porosities (achieved by variation of the mass of powder to be 
compacted and the applied compaction stress) and may be considered an indirect 
method of measuring the strength of adhesion between attracted particles (Kendall, 
1994). Due to the inherent variation of random internal flaws that exist within 
porous media, the discrete numerical value of the parameters related to the fracture 
mechanics of a system tend to be difficult to accurately reproduce (Subero-Couroyer 
et al., 2003). To account for this variation the measured energy release rate data 
obtained for compacts formed by the application of a single compaction cycle, 
during consistent laboratory temperature and humidity conditions, has been fitted 
using an exponential curve with a coefficient of determination of 0.8, as shown in 
Figure 7.8. 
Figure 7.8. The Exponential Correlation between the Compaction Stress and 
the Energy Release Rate, G for Single Compacted Tablets of MCC 
The energy required to form the interfacial crack, CE, observed using X-ray 
microtomography, can now be calculated in the same fashion as that commonly 
applied to compacts densified with a single applied force (Adams et al., 1989): 
CE = GAc 	 [7.4] 
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where A, is the crack propagation area and G is the strain energy release rate. Using 
the Janssen-Walker stress transmission model (Walker, 1966), introduced in §2.7, it 
was determined that the transmitted stress to the interfacial plane of a bilayer tablet, 
positioned at the midpoint of the tablet height, was equivalent to the stress 
transmitted to the same axial distance of a single compacted tablet, loaded to the 
same final maximum stress and aspect ratio. The interfacial particle contact between 
layers was therefore assumed to be dependant on the final compaction stress and thus 
the value of the strain energy release rate, G, corresponding to the final layer 
compaction stress was utilised. It should be mentioned at this point that the 
calculated value of the strain energy release rate, G, was determined by the 
deformation until fracture utilising a methodology which favours Mode I loading 
(see §3.3.4). The crack initiation and propagation that is thought to occur by the 
radial volume expansion is not likely to be a result of only Mode I failure but is 
expected to be a more energetically demanding combination of Mode I, Mode II and 
mode III loading. Thus the discrete fracture energy values presented below should 
only be regarded as approximations: the true fracture energies required to form the 
observed cracks present at the interfacial boundary of the manufactured bilayer 
tablets are likely to be slightly higher in magnitude. As can be seen in Table 7.2, 
even with the underestimation in the values, the calculated fracture energies required 
to form the crack at the interface exceed the estimated energies released during the 
inhomogeneous radial volume expansion after ejection. There are two contradicting 
conclusions that can be drawn from this observation. Either the crack is formed by a 
process other than energy dissipation by volume expansion or the applied strain 
energy release rate, G obtained from the fracture of single compacted tablets is too 
high for these bilayer systems. To address this uncertainty the strain energy release 
rates for bilayer tablets were calculated by another route. 
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A/ MPa B/MPa C/mm D/mm2 E/Jm2 F/mJ H/mJ 
12.7 12.7 1.25 74.6 3.10 0.232 0.067 
28.6 12.7 5.01 239.4 3.10 0.743 0.132 
28.6 28.6 0.85 51.7 3.57 0.185 0.060 
28.6 39.8 0.60 36.9 3.94 0.145 0.054 
39.8 39.8 2.50 137.4 3.94 0.541 0.099 
39.8 50.9 1.20 70.9 4.35 0.308 0.109 
39.8 79.6 0.75 45.4 5.59 0.254 0.122 
39.8 95.5 0.69 41.8 6.43 0.269 0.147 
39.8 127.3 0.84 50.3 8.51 0.428 0.195 
50.9 50.9 1.76 100.9 4.35 0.438 0.155 
50.9 79.6 0.80 48.3 5.59 0.270 0.201 
50.9 95.5 1.15 68.1 6.43 0.438 0.286 
50.9 127.3 0.79 47.9 8.51 0.408 0.362 
79.6 79.6 1.48 86.3 5.59 0.483 0.309 
79.6 95.5 1.53 88.5 6.43 0.570 0.289 
79.6 127.3 1.27 75.0 8.51 0.638 0.305 
79.6 156.0 0.71 43.1 10.95 0.472 0.201 
95.5 79.6 3.00 160.2 5.59 0.896 0.136 
95.5 95.5 2.50 137.4 6.43 0.884 0.215 
95.5 127.3 1.32 77.3 8.51 0.658 0.184 
95.5 156.0 0.70 42.4 10.95 0.465 0.148 
127.3 127.3 3.32 17.4 8.51 1.482 0.379 
127.3 156.0 2.11 11.9 10.95 1.299 0.482 
156.0 156.0 3.14 166.1 10.95 1.819 0.324 
Table 7.2. Crack Characterisation and Predicted Fracture Energies. 
A - The initial layer compaction stress. B - The final layer compaction stress. C -The crack 
length (determined as explained in §7.2). D - The crack area. E - The strain energy release rate, 
G (evaluated from Figure 7.8). F - The energy required to form the crack based on fracture 
mechanic relationships, CE (calculated from Equation [7.4]). H - The energy released by the 
differential volume expansion, E, (calculated from Equation [7.2]). The associated errors are 
discussed where appropriate within the above text. 
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7.3.3. Strain Energy Release Rate for Bilayer Tablets 
A typical normalised force displacement profile for the deformation until the 
initiation of fracture of a bilayer tablet is shown in Figure 7.9. The integral of the 
linear region of the curve represents the energy required to cause the catastrophic 
failure of the interface, termed EE. From this information and the crack geometry 
analysis, a revised strain energy release rate for the bilayer systems, GB can now by 
calculated from 
E G = F B A 
where AF is the fracture area obtained from 
AF = AT  — Ac 
where AT is the area of the interfacial plane and Ac is the area of the crack. 
Figure 7.9. Typical Normalised Force Displacement Curve for the Fracture of 
Bilayer Tablets. 
Tablet compacted to an initial layer stress of 12.7MPa and a final layer stress of 127.3MPa. 
Using equation [7.4] and replacing G with the new strain energy release rate for 
bilayer tablets, GB, the revised energy required to form the crack at the bilayer 
interface, CE, can be calculated. The comparable values of CE and the energy 
released by the radial volume expansion, Ev are shown in Table 7.3. When the 
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layer compaction stress the energy released by the radial expansion is not always 
sufficient to break the adhesive bonds between the particles at the periphery of the 
interface. Previous discussion of the topographic analysis of interfacial radial 
fracture surfaces in §6.3.2 highlighted the possibility of the energy released during 
the axial volume expansion of the initial layer during the unloading phase of the 
compaction cycle being of a sufficient magnitude to form a surface crack at the 
interfacial plane. An initiated crack already present at the interface before the 
ejection phase of the compaction cycle will (i) act to reduce the crack area created by 
the radial expansion and (ii) more importantly, act as a stress concentrator 
weakening the interfacial plane. These two consequences will therefore reduce the 
required released energy as it is utilised only for the propagation of the crack to a 
discrete distance. Once the final compaction layer stress is approximately equal to or 
exceeds the initial layer compaction stress the utilisation of the recalculated fracture 
energy release rate shows that sufficient stored elastic strain energy is released to 
overcome the adhesive bonds between particles at the radial edge of the interface. 
Thus it is probable that the crack is initiated and propagated after the removal of the 
radial constraints of the die wall during the ejection phase of the compaction cycle, 
for most of the tablets studied. 
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A / MPa B / MPa C / Jm2  D / mm2  E / mJ F / Jm2 H / mJ 1 / mJ 
12.7 12.7 3.10 240.6 0.247 1.03 0.075 0.067 
28.6 12.7 3.10 78.7 0.077 0.97 0.233 0.132 
28.6 28.6 3.57 263.5 0.305 1.16 0.060 0.060 
28.6 39.8 3.94 278.1 0.389 1.40 0.052 0.054 
39.8 39.8 3.94 177.3 0.384 2.17 0.298 0.099 
39.8 50.9 4.35 244.1 0.372 1.52 0.108 0.109 
39.8 79.6 5.59 269.0 0.751 2.79 0.127 0.122 
39.8 95.5 6.43 272.6 0.855 3.14 0.131 0.147 
39.8 127.3 8.51 264.2 1.139 4.31 0.217 0.195 
50.9 50.9 4.35 213.9 0.326 1.52 0.154 0.155 
50.9 79.6 5.59 266.3 0.690 2.59 0.125 0.201 
50.9 95.5 6.43 246.6 0.752 3.05 0.208 0.286 
50.9 127.3 8.51 267.0 1.082 4.05 0.194 0.362 
79.6 79.6 5.59 227.8 0.409 1.80 0.155 0.309 
79.6 95.5 6.43 225.6 0.604 2.68 0.237 0.289 
79.6 127.3 8.51 239.2 0.847 3.54 0.266 0.305 
79.6 156.0 10.95 271.1 1.042 3.85 0.166 0.201 
95.5 79.6 5.59 153.9 0.214 1.39 0.223 0.136 
95.5 95.5 6.43 177.0 0.257 1.45 0.200 0.215 
95.5 127.3 8.51 237.2 0.471 1.98 0.153 0.184 
95.5 156.0 10.95 272.1 0.736 2.71 0.115 0.148 
3 
127.3 127.3 8.51 140.1 0.202 1.44 0.251 0.379 
127.3 156.0 10.95 195.5 0.608 3.11 0.369 0.482 
156.0 156.0 10.95 148.1 0.189 1.28 0.212 0.324 
Table 7.3. Corrected Energy Analysis 
A - The initial layer compaction stress. B - The final layer compaction stress. C -The fracture 
energy release rate for single compacted tablets, G (evaluated from Figure 7.8). D -The 
remaining coherent interfacial area (calculated from Equation 17.61). E - The experimentally 
recorded fracture energy. F - The strain energy release rate for bilayer tablets, GB (evaluated 
from Equation [7.5]). H -The corrected energy required to form the crack based on fracture 
mechanic relationships, CE (calculated from Equation [7.4]). I - The energy released by the 
differential volume expansion, E, (calculated from Equation [7.2]). The associated errors are 
discussed where appropriate within the above text. 
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7.3.4. Comparison of Strain Energy Release Rates 
The decrease in the strain energy release rate for a bilayer tablet compacted to the 
same final compaction stress as a single layered tablet ranges from a 40% reduction 
to almost a 90% reduction depending on the initial compacted layer maximum 
applied stress, see Table 7.4 (discussed later). This implies that the interfacial 
toughness is reduced to the same degree. As the material is unchanged the nature of 
the contact adhesion forces must also remain constant and thus it must be the number 
of junctions formed between adjacent particles which govern the toughness of the 
interfacial boundary zone, for the tablet formulations studied in this current work. 
Although the radial volume expansion due to the elastic relaxation has a detrimental 
effect on the toughness, by forming a stress concentrating crack at the interface, it 
cannot provide an explanation for the inherent reduction in the perceived adhesion. 
It has been postulated that an important factor for the tensile strength of MCC 
compacts lies within the initial compaction mechanism (Karehill et al., 1990). The 
particle rearrangement phase, introduced in §2.2.2 and quantitatively described by 
the determined parameters of the Heckel Equation, see §2.4.1, is thought to increase 
the number of point contacts between particles resulting in an enlargement of the 
intimate contact area between the adjacent particles (Karehill et al., 1990). This 
phenomenon provides the opportunity for strength increasing junctions to form. The 
inclusion of an initial compaction cycle within the bilayer tablet manufacture process 
results in a variation of this rearrangement phase within the final layer compaction 
cycle, relative to a tablet manufactured with only a single compaction cycle. Due to 
the constrained migration of the particles within the consolidated initial layer a 
decrease in the intimate contact area will occur between the particles in the adjacent 
layers present at the interface. Hence the adhesive strength between particles will 
also be reduced. To investigate this theory, surface roughness measurements were 
taken from the upper surface of single compacted tablets formed to the same aspect 
ratio of the initial layer of the bilayer tablet. The characteristics of the single 
compacted surface can be considered akin to the exposed initial layer surface before 
the final compaction as the effect of the particle contact with the upper punch, during 
ejection, on the surface roughness was assumed to be negligible. The maximum 
ejection force only ranged between 1% and 3.5% of the maximum compaction stress, 
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considered unlikely. Figure 7.10 shows the average percentage reduction in bonding 
for compacts with varying initial layer surface roughness. 
Figure 7.10. The Effect of Surface Roughness of the Initial Compaction Layer 
on the Percentage Reduction in Bonding at the Interface. 
It can be seen that there is a distinct two linear region correlation between the surface 
roughness of the initial layer before the final compaction and the reduction in 
bonding at the interface between the adjacent layers. For surfaces which portray a 
relatively high Ra value, above ca 3.6µm (in this current work) the gradient of the 
correlation is relatively shallow. Once the average surface roughness reaches ca 
3.6µm the correlation gradient sharply increases. This suggests that for initially 
compacted surfaces which display Ra values below ca 3.6µm the particle 
rearrangement phase during the initial stages of the final layer compaction is almost 
totally removed and the remaining predominant contributing factor to the intimate 
contact area and hence the bonding strength is the degree of deformation that occurs 
within the final compaction. From Table 7.4 it can be seen that the applied stress 
required to reach this critical Ra value corresponds to approximately SOMPa. This 
result is consistent with the observations in §5.2.2 and the study conducted by 
Sixsmith (Sixsmith, 1977) who determined that the individual particle structure 
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becomes obscured due to particle deformation 'smoothing' the surface at applied 
stresses of approximately 88MPa or greater. 
Initial 
Compaction 
Stress / MPa 




12.7 0.53 7.1 9.1 44 (± 26) 
28.6 0.43 6.7 6.7 58 (± 11) 
39.8 0.38 5.0 5.9 58 (± 28) 
50.9 0.34 4.5 5.7 57 (± 8) 
79.6 0.26 3.6 4.6 62 (± 5) 
95.5 0.26 3.5 4.4 72 (± 13) 
127.3 0.21 3.2 4.2 77 (± 6) 
156.0 0.19 3.1 4.0 88 (± 4) 
Table 7.4. Surface Properties of the Upper Surface of the Initial Compaction 
Layer. 
The average percentage reduction in bonding between the particles in adjacent layers at the 
interface relative to a single compacted tablet with the same final compaction stress is also 
shown. The error shown indicates the range of values obtained experimentally. The common 
trend of a decrease in the error with an increase in the applied compaction stress can be 
explained in the same manner as the results presented in Figure 6.2. 
7.3.5. Global Energy Analysis 
The measurement of the indirect parameters such as the average surface roughness 
have provided a great deal of insight into the compaction mechanism of bilayered 
tablets of MCC however, the displayed physical compact characteristics are only a 
direct result of the energy supplied to the system during the compaction cycles. 
Therefore, a more appealing analysis of bilayer tablet manufacture can be obtained 
by conducting a global energy balance. The energy input into the powder mass for 
each compaction can be determined from the force displacement curve, as discussed 
in §2.3. The net work input (NETW) to the system (Ragnarsson and Sjogren, 1985), 
which is utilised in the form of either particle rearrangement and elastic and plastic 
deformation of the particles can be calculated by subtracting the recovered energy 
during the decompression phase of the compaction cycle from the total work input 
into the system during the compression phase. The area under the upper punch force 
against displacement curve however includes of the work required (i) for particle 
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rearrangement, (ii) to overcome interparticle and die wall friction and (iii) bond 
formation (Mathis and Stamn, 1976, Doelker et al., 1980, De Blaey and Polderman, 
1970). In an attempt to negate the effects of the die wall friction in the energy 
calculations the value of the arithmetic mean value of the upper and lower force 
against displacement curves, see §2.3, was utilised in the NETW calculation, in 
accordance with the study by Ragnarsson (Ragnarsson, 1996). As the increase in the 
initial layer NETW or compaction energy, El, has a detrimental effect on the 
adherence of the adjacent particles at the interface between the subsequent 
compaction layers, as clearly shown in Figure 5.6, it is given a negative sign. The 
final layer NETW or compaction energy, E2, has a positive effect on the interfacial 
toughness and therefore is termed positive. The global energy affecting the 
toughness of the interfacial plane, E, can then be determined from 
E =—Ei + E2 	 [7.7] 
This value of E provides a simplified first order estimation of the energy supplied to 
the system. Figure 7.11 shows there is a remarkable correlation (R2 of 0.91) between 
the energy required to fracture the interfacial plane and E, obtained from Equation 
[7.7], considering the crudeness of the energy balance and the inherent fluctuations 
in the fracture energy data of porous materials. The value of the recorded strain 
energy is related to the external energy input, E calculated from Equation [7.7] by 
the coefficient with an approximate value of 1.5x10-5. This coefficient represents the 
proportion of energy directly affecting the interfacial boundary zone, the remaining 
fraction of the supplied energy is consumed with the complex deformation process of 
the surrounding coherent material. The correlation provides a simple predictive tool 
for determining the relative toughness of interfaces between layers of subsequent 
compactions of MCC based on the force displacement data alone. The applicability 
of this correlation may well extend to materials which behave in a similar 
mechanical manner when subjected to an uniaxial compressive stress: as is 
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Figure 7.11. The Correlation Between the External Energy Input into the 
Interface with the Strain Energy of the Interface. 
External energy input, E, was calculated from Equation 17.71. The strain energy was calculated 
by an integration of the force displacement plot obtained during the fracture of the bilayer 
tablets. 
7.4. Results Summary 
The nature and quality of the interface between the subsequent compaction layers in 
a bilayer tablet of microcrystalline cellulose has shown to be disrupted with an 
inherent crack at the radial periphery under certain compaction conditions. The 
presence of such a crack will significantly weaken the interfacial plane due to any 
applied stress to the body being concentrated at the crack tip (Griffith, 1920). For 
the majority of the compaction conditions studied the magnitude of the energy 
required to form the crack has been shown to be consistent with the amount of stored 
elastic strain energy released by the tablet during the non-uniform radial volume 
expansion that occurs at the interface during the ejection phase of the compaction 
cycle. The presence of the crack obviously has a negative impact on the interfacial 
toughness however, it has been shown that the predominant strength weakening 
factor of the interfacial boundary of bilayer tablets rests within the initial layer 
compaction mechanism. As microcrystalline cellulose deforms predominantly in a 
plastic manner the particles present within the initial layer will consolidate in 
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proportion to the magnitude of the applied initial load. This consolidation acts to 
constrain the movement of the particles during the initial stages, known as the 
particle rearrangement phase, of the final layer compaction cycle. The disruption to 
the particle rearrangement phase, relative to a loose powder assembly compacted 
with a single applied load, will reduce the number of point contacts formed between 
particles within the two adjacent layers. This in turn results in a significant reduction 
in the intimate contact area available for bond formation during the latter stages of 
the compaction cycle once the particles have begun to deform in a plastic manner. 
The diminished contact area causes a reduction in the adhesive strength of the tablet, 
the magnitude of which can be up to ca. 90%, relative to a tablet manufactured to the 
same maximum applied stress with a single compaction cycle. The consolidation of 
the initial layer is a function of the energy supplied to the powder assembly during 
the initial compaction cycle. Therefore a crude estimation of the global energy 
balance affecting the interface has also been conducted and a good correlation with 
the interfacial strain energy has been found. It is hoped that this may provide a 
simple and useful predictive tool for determining the success of multiple compaction 
conditions on materials which display a similar mechanical response to an applied 
load as MCC. 
7.5 Concluding Remarks 
The similarity of the two presented values, shown in Table 7.3, corresponding to the 
energy dissipation by radial volume expansion and the required energy to form the 
crack, obtained from fracture mechanic principles is extraordinary considering the 
applied simplifying assumptions. Although convincing, further investigation into the 
highlighted areas such as the effect of the mode of loading, the discrete value for the 
depth of the expansion volume and the exclusion of the energy released during the 
unloading phase by axial volumetric expansion would assist in substantiating the 
current findings. The discrete value for the average roughness of the measured 
samples presented in §7.3.4 should also be approached with caution. As discussed in 
§4.2.3 a variation of equipment and methodologies within optical profilometry can 
produce disparity within measurements, even of the same sample. Thus it should be 
noted that it is the degree of deformation which governs the interfacial adherence 
rather than the numerical value of the measured roughness parameters. 
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Chapter Eight 
Conclusions 
This Thesis has provided a selective characterisation of the production and fracture 
of bilayered tablets of microcrystalline cellulose, MCC, manufactured by the 
sequential application of two applied loads to a loose powder assembly. The major 
conclusions that have been drawn from this current study are detailed within this 
final Chapter. 
8.1. Introduction 
The structure of this Thesis follows the evolutionary advancements that have been 
achieved in the characterisation of bilayer tablets manufactured solely from the 
commonly utilised excipient microcrystalline cellulose, MCC. The recent interest of 
the pharmaceutical industry to gain a comprehensive understanding of the process 
parameters which determine the coherence and corresponding tensile strength of 
bilayer formulations has been governed by the major advantage of the tailored 
bilayer design: the ability to enable a variety of release profiles of an active 
ingredient out of a compacted matrix. The first three chapters of this thesis provide a 
general introduction into the field of tabletting along with a critical discussion of the 
main processes involved in uniaxial compaction, the mechanical response of a 
constrained material to an applied load and the commonly applied fracture mechanic 
principles that are utilised to quantitatively describe the failure of solid structures. 
To compliment the discussion the application of the reviewed material to the utilised 
excipient MCC has also been presented. The remaining chapters of this thesis 
provide a comprehensive account of the experimental equipment and procedures 
employed within this study and the results obtained have been critically discussed. 
This final chapter seeks to highlight the main conclusions of the current study. 
8.2. Main Conclusions 
• Novel results have shown that the interfacial zone of a bilayered tablet of 
microcrystalline cellulose, MCC, is the most brittle plane within the tablet 
and thus only a relatively small amount of energy is required to cause 
catastrophic failure of the compact. As is shown in Figure 5.6 in Chapter 
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Five the relative measured toughness of the tablet interface was a function of 
the ultimate compressive stress that was applied during the initial and final 
layer compaction cycles: a lower fracture force was recorded when the 
ultimate initial layer compaction stress was increased and conversely the 
fracture force rose with an increase in the maximum final layer compaction 
stress. This indicates that the sequential compaction of two layers of the 
same material cannot be considered comparable in nature and in strength to 
the cohesion that occurs within a single compacted matrix manufactured of 
the same material. 
• The structural morphology of the interfacial surfaces determines the crack 
propagation path during fracture and hence is the predominant factor for 
determining the amount of energy required for the catastrophic failure of the 
compact. The morphology of the interface is a direct consequence of (i) the 
stress distribution pattern resulting from the constrained consolidation 
process of the powder and (ii) the particle migration that occurs during the 
initial stages of the application of an applied load, commonly termed the 
particle rearrangement phase. 
• The internal stored elastic strain energy gradients present in the compact are a 
direct result of the stress pattern that occurs during the consolidation process. 
The energy gradients present across the interface have shown to be of a 
sufficient magnitude to result in the rupture of a number of bonds or 
junctions at the periphery of the interfacial plane. This is thought to occur 
during the unloading and ejection phases of the compaction cycle creating a 
commonly observed strength weakening interfacial crack. The presence of 
the crack however has proved not to be the inherent cause of the low 
resistance to fracture which was displayed by the bilayer tablets. 
• The comprehensive study investigating the appropriateness of the application 
of the traditional linear elastic fracture mechanic, LEFM, relationships to the 
failure of MCC compacts has shown that a simple Irwin (Irwin 1961) Type 
modification, see §3.4 should be included in the calculations. As discussed 
in Chapter Five the assumption of an entirely elastic response at the crack tip 
has shown to be inappropriate. The Irwin Type modification enables a 
relatively small process zone, present at the crack tip, to be accounted for in 
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the quantitative fracture mechanic parameter determination. The nature of 
the process zone is thought to be a combination of plastic deformation at the 
crack tip, commonly found during the fracture of polymer materials, and 
microcracking, commonly found in the fracture of ceramic materials. 
8.3. Future Work 
• The simple energy balance presented in §7.3.5 has elucidated an efficient 
first order methodology for estimating the relative strength of a manufactured 
interface based solely on the force against imposed displacement data which 
is commonly obtained during the compaction cycle of the manufacturing 
process. This suggests that by utilising the methodology presented in this 
work an adequate prediction may be made of the energy required for the 
failure of interfaces within compacts of microcrystalline cellulose, MCC 
manufactured from more than two sequential compaction cycles. Although 
the major conclusions discussed above are fundamentally a result of the 
deformation characteristics of the utilised material MCC it would be of 
interest to apply the same procedures followed in this current work to 
materials which display a variety of mechanistic responses to an applied load. 
Although current wisdom, within the compaction field, dictates that the most 
favourable material response to an applied load is deformation by plastic 
flow, preliminary results published by Karehill et al. (Karehill et al. 1990) 
suggest that optimisation of the interfacial strength of bilayered formulations 
may be possible through the utilisation of a combination of various 
pharmaceutical materials with disparate mechanical properties. 
• Within this current study several simplifying assumptions have been utilised. 
For a fully comprehensive study of the bilayer systems the appropriateness of 
these assumptions should be challenged. In particular the postulation that the 
axial stress relief is dominant when the initial layer compaction stress 
exceeds the final layer ultimate compaction stress could be examined in more 
depth. Also a more thorough characterisation of the compacted material 
response to the load applied during the ejection phase of the compaction 
cycle may be beneficial to the complete understanding of these bilayered 
assemblies. 
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• The mechanism of deformation of the process zone present at the crack tip 
during the fracture of MCC at present is postulated to be a combination of 
both ductile yielding and microcracking. Further investigation of the fracture 
surfaces using fractographic techniques may confirm this assumption and 
may elucidate variations in the nature of the crack propagation path with 
differences in the thickness of the process zone. 
• Finally it is hoped that the experimental procedures pertaining to this current 
study may provide critical evidence to support findings that are theoretically 
produced using techniques such as finite element modelling: thus reducing 
the number of resources required to determine the success of future 
commercial layered tabletting processes. 
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Appendix A 
The inclusion of a sharp 'V' notch 
into the tablets manufactured with a 
single compaction cycle. (See 
§4.2.2) 
The figure presented in this Appendix illustrates the methodology of imposing a 
sharp 'V' shaped notch into the tablets manufactured with a single compaction cycle. 
The mid-point of the tablet height was determined utilising a micrometer. A small 
pencil mark indicated the correct position for the cutting tool to penetrate the tablet. 
The compacts were then carefully positioned into two bespoke recessed metal 
adapters. Each recess was manufactured to provide a tight fit of the tablet without 
causing attrition during the positioning. One of the adapters then fitted into a recess 
on the lathe, adjacent to the spindle, shown on the left of Figure A.1. The other 
adapter possessed a small recess to accommodate the metal point of the traversing 
tailstock quill, shown on the right of Figure A.1. A small amount of force was 
applied through the tailstock quill to maintain the tablet position (the axis of rotation 
being through the centre of the tablet) throughout the notching process. The machine 
rotated at 500rpm. The sharp cutting tool, manufactured from high speed steel, was 
positioned in the tool post and was aligned against the lathe to ensure it was 
perpendicular to the side of the tablet. The notch was then created at the point of the 
previously mentioned pencil mark: this was determined by eye using a magnifying 
glass. The notch depth, ranging between 0.25mm and 4mm, was determined by the 
calibrated cross slide (accurate to 0.01mm). The cutting tool was sharpened between 
samples using an off-hand grinder. 
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Metal adapters, recessed to 
encase and hold the tablet 
Small applied pressure 
from the lathe to 
maintain tablet in 





Non-rotating sharp cutting 
tool positioned at the mid 
point of the tablet height 
The point of the lathe sits within a 
central recess of the adapter to ensure 
that the axis of rotation passes through 
the centre of the tablet 
Figure A.1. A schematic diagram showing the process of machining a sharp 'V' 
notch at the mid point of the axial length of the single compacted tablets 
208 
Appendix B 
Correlations between the calculated 
Kw values with c/b at various 
porosities. (See §5.2.2) 
The figures presented in this Appendix illustrate the non linear relationship between 
the imposed crack length and the critical stress intensity value, Kic. As discussed in 
§5.2.2 the logarithmic fit suggests that the underlining assumption of the linear 
elastic fracture mechanic (LEFM) principles (see §3.3), that a crack tip displays an 
entirely elastic response, is not appropriate for the system studied in this work. 
Hence a modification to the traditional LEFM Theory is required. 
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Maximum Compaction Stress 12.7MPa, Tablet Porosity 0.53 
Maximum Compaction Stress 28.6MPa, Tablet Porosity 0.43 
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Figure B.2. The Non-Linear Plot of Ki vs c/b for MCC. 
Samples with a porosity of 0.53. The error bars represent one standard deviation. Data fitted 
to a log curve. 
Figure B.3. The Non-Linear Plot of Kic vs c/b for MCC. 
Samples with a porosity of 0.43. The error bars represent one standard deviation. Data fitted 
to a log curve. 
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Maximum Compaction Stress 39.8MPa, Tablet Porosity 0.38 
Maximum Compaction Stress 50.9MPa, Tablet Porosity 0.34 
Figure B.4. The Non-Linear Plot of Ki vs c/b for MCC. 
Samples with a porosity of 0.38. The error bars represent one standard deviation. Data fitted 
to a log curve. 
Figure B.5. The Non-Linear Plot of Kic vs c/b for MCC. 
Samples with a porosity of 0.34. The error bars represent one standard deviation. Data fitted 
to a log curve. 
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Maximum Compaction Stress 79.6MPa, Tablet Porosity 0.26 
Maximum Compaction Stress 95.5MPa, Tablet Porosity 0.26 
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Figure B.6. The Non-Linear Plot of Kw vs c/b for MCC. 
Samples with a porosity of 0.26. The error bars represent one standard deviation. Data fitted 
to a log curve. 
Figure B.7. The Non-Linear plot of Kw vs c/b for MCC. 
Samples with a porosity of 0.26. The error bars represent one standard deviation. Data fitted 
to a log curve. 
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Figure B.8. The Non-Linear Plot of K1c vs c/b for MCC. 
Samples with a porosity of 0.19. The error bars represent one standard deviation. Data fitted 
to a log curve. 
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Appendix C 
Axial topographies of bilayer tablets 
at varying compaction conditions. 
(See §6.2.2) 
The Figures presented in this Appendix reveal the metrological profiles of the axial 
surfaces, defined in Figure 6.1, of the bilayer tablets with variations in the ultimate 
compaction stresses. The discussion within Chapter Six provides a detailed analysis 
of the intricate roughness detail, which provides an indication of the local porosity at 
the sample point. Also the general form of the profiles, which enable the 
determination of the magnitude of volume expansion undergone by the ejected body 
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Figure C.1. Axial Topography of Tablets Compacted to an Initial Compaction 
Stress of 12.7MPa and a Shown Final Compaction Stress. 
All axes are in micron units. 
Final Layer 
Compaction stress / 
MPa 
Initial Layer 
Ra / microns 
Final layer 
Ra / microns 
Initial layer 
Rs / microns 
Final layer 
Rs I microns 
12.7 5.39 5.91 7.56 8.28 
28.6 3.40 3.83 5.45 5.51 
39.8 2.65 2.87 4.94 4.77 
50.9 2.76 2.21 5.34 4.04 
79.6 1.67 1.78 3.77 3.66 
95.5 1.72 1.55 3.74 3.01 
127.3 1.42 1.07 3.45 2.62 
156 1.36 1.14 3.70 2.06 
Table C.1. Axial Roughness Parameters for the Bilayer Compaction of MCC. 
Initial Layer Compaction Stress 12.7MPa. 
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Figure C.2. Axial Topography of Tablets Compacted to an Initial Compaction 
Stress of 39.8MPa and a Shown Final Compaction Stress. 
All axes are in micron units. 
Final Layer 
Compaction stress / 
MPa 
Initial Layer 
Ra / microns 
Final layer 
Ra / microns 
Initial layer 
Rs / microns 
Final layer 
Rs / microns 
12.7 3.37 5.74 5.51 8.44 
28.6 2.75 3.95 4.07 6.13 
39.8 2.17 1.79 3.62 3.17 
50.9 2.24 2.31 3.84 3.80 
79.6 2.17 2.41 3.69 4.43 
95.5 1.75 1.63 3.69 3.88 
127.3 1.41 1.29 3.23 3.31 
156 1.33 1.19 2.79 2.42 
Table C.2. Axial Roughness Parameters for the Bilayer Compaction of MCC. 
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Figure C.3. Axial Topography of Tablets Compacted to an Initial Compaction 
Stress of 79.6MPa and a Shown Final Compaction Stress. 
All axes are in micron units. 
Final Layer 
Compaction stress / 
MPa 
Initial Layer 
Ra / microns 
Final layer 
Ra / microns 
Initial layer 
Rs / microns 
Final layer 
Rs / microns 
12.7 1.70 6.49 2.78 8.88 
28.6 2.30 3.40 3.54 5.00 
39.8 1.78 2.77 2.74 4.33 
50.9 1.90 2.22 2.80 3.30 
79.6 1.53 1.73 3.81 2.81 
95.5 1.44 1.60 2.65 2.58 
127.3 1.22 1.15 3.14 3.44 
156 1.19 0.85 3.42 3.49 
Table C.3. Axial Roughness Parameters for the Bilayer Compaction of MCC. 
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Figure C.4. Axial Topography of Tablets Compacted to an Initial Compaction 
Stress of 127.3MPa and a Shown Final Compaction Stress. 
All axes are in micron units. 
Final Layer 
Compaction stress / 
MPa 
Initial Layer 
Ra / microns 
Final layer 
Ra / microns 
Initial layer 
Rs / microns 
Final layer 
Rs / microns 
12.7 1.31 6.21 2.53 8.47 
28.6 1.11 3.51 2.14 4.87 
39.8 1.74 3.02 2.96 4.60 
50.9 1.63 3.19 2.80 4.64 
79.6 1.33 2.01 2.38 3.38 
95.5 1.21 1.66 4.47 3.54 
127.3 1.19 1.40 2.79 2.58 
156 1.15 1.09 3.25 2.08 
Table C.4. Axial Roughness Parameters for the Bilayer Compaction of MCC. 
Initial Layer Compaction Stress 127.3MPa. 
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Appendix D 
Example Ejection Profile 
(See §6.5) 
As discussed in §2.8 the general trend of an ejection profile displays an initial rise in 
the ejection force with the imposed displacement until a maximum force is reached. 
The ejection force then continues to decline through various phases. Figure D.1. 
shows an example of an ejection profile of a bilayer tablet manufactured in the 
current study where the initial layer compaction stress is of a larger magnitude than 
the final layer compaction stress. As can be seen the initial rise in the ejection force 
does not reach the maximum recorded force for the total ejection phase. This 
observation infers that some degree of recompaction occurs. The determination of 
the absolute degree of increased deformation however is complex and further 
investigation, outside the scope of this current study, is required to conclusively 
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Figure D.1. Ejection Profile of a Bilayer Tablet. 




Example X-ray microtomography 
images of bilayer tablet interfaces 
(See §7.2) 
The Figures presented in this Appendix show the presence of the commonly 
observed crack at the periphery of the interfacial boundary zone. As discussed in 
§7.2 the brightness of the images reflects the variation in the relative density of the 
samples. As the samples are porous in nature the reconstructed images obtained 
from the analyses utilising X-ray microtomography display a mottled appearance. 
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Figure El. Reconstructed Cross Section of the Periphery of the Radius of a 
Bilayer Tablet of MCC. 
Tablet compacted to an initial layer maximum compaction stress of 12.7MPa. The region shows 
the presence of a crack at the interface between the two subsequent compacted layers. The final 
layer compaction stress is shown. 
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Figure E.2. Reconstructed Cross Sections of the Periphery of the Radius of 
Bilayer Tablets of MCC. 
Tablets compacted to an initial layer maximum compaction stress of 50.9MPa. The region 
shows the presence of a crack at the interface between the two subsequent compacted layers. 
The final layer compaction stress is shown. 
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Figure E.3. Reconstructed Cross Sections of the Periphery of the Radius of 
Bilayer Tablets of MCC. 
Tablets compacted to an initial layer maximum compaction stress of 79.6MPa. The region 
shows the presence of a crack at the interface between the two subsequent compacted layers. 
The final layer compaction stress is shown. 
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Figure E.4. Reconstructed Cross Sections of the Periphery of the Radius of 
Bilayer Tablets of MCC. 
Tablets compacted to an initial layer maximum compaction stress of 95.5MPa. The region 
shows the presence of a crack at the interface between the two subsequent compacted layers. 
The final layer compaction stress is shown. 
Figure E.S. Reconstructed Cross Section of the Periphery of the Radius of a 
Bilayer Tablet of MCC. 
Tablet compacted to an initial layer maximum compaction stress of 156MPa. The region shows 
the presence of a crack at the interface between the two subsequent compacted layers. The final 
layer compaction stress is shown. 
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